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1 
GENERAL INTRODUCTION 
One important concern of crop production is the utilization of 
fertilizer, particularly nitrogen because of both environmental and 
economic concerns. Statistics show that the use of nitrogen in the 
U.S.A. has increased at the rate of 4% per year from 1969 to 1979 (ACS, 
1980) and that recovery by the crop in any cropping year ranges widely 
with an average of only about 50% (Bartholomew and Clark, 1965) . The 
remaining amount may either lost through leaching, runoff, 
volatilization, denitrification or remain in the soil profile for use by 
the succeeding crop(s). 
The process of nutrient migration in the soil profile during off 
cropping seasons, particularly during freezing conditions, can be 
important but has not been well understood. Most research efforts on 
nutrient recovery and losses in Iowa, like those of Baker and Laflen 
(1983), Baker and Johnson (1981), Kanwar et al. (1983) and others, have 
been conducted during cropping periods. Knowledge of the migration 
process of soil moisture and nutrients during freezing is also an 
important aspect in simulation modeling in which the ultimate goal is to 
determine the best cropping management practices suitable for any given 
conditions. 
This study was conducted to gather information about soil moisture 
and nitrate-nitrogen (NO3-N) migration in central Iowa under freezing 
conditions. Such information should lead to a better understanding of 
the effects of surface freezing on moisture and NO3-N movement in the 
2 
soil profile relative to possible impacts on NO3-N recovery (or 
carry-over) versus leaching losses. The relative importance of vapor 
phase moisture movement to that of liquid phase flow on NO3-N recovery, 
and possible anion exclusion in solute migration are discussed. 
Obj ectives 
The general objective of this research is to improve the 
understanding of the effects of freezing conditions on winter movement of 
moisture and NO3-N in the soil profile relative to possible impacts on 
NO3-N carry-over and leaching losses. 
The specific objectives are; 
(1) To determine if anion exclusion is important in solute movement 
with water in the liquid phase; 
(2) To determine whether a significant portion of upward moisture 
movement is in vapor phase; and if so, are leaching losses then 
increased; 
(3) To compare the moisture and NO3-N movement in laboratory soil 
columns at different initial moisture contents and duration of continuous 
surface freezing conditions; 
(4) To determine the importance of the winter period and freezing under 
field conditions on soil moisture and nitrate fluxes during the period 
from fall to spring in central Iowa; and 
(5) To determine if thaw conditions in the spring could aggravate 
leaching of NO3-N. 
3 
REVIEW OF IITERATDRE 
Many processes occurring in the soil are temperature dependent. 
Temperature effects are not only due to the magnitude of the temperature 
but also to temperature gradients in the soil profile. Examples of the 
processes are moisture, solute, and heat flows. These flows may be 
caused by the natural existence of moisture gradients (isothermal state) 
and/or temperature gradients (non-isothermal) in the profile (DeVries, 
1958). 
The absolute temperature affects soil water movement both in the 
liquid phase, by its effect on surface tension, and in the vapor phase by 
its large effect on the vapor pressure of water. The relation between 
surface tension a, and matrie potential r is given by T=2a/x, where r, 
the radius of curvature of the water-air interface, has negative values. 
Since a decreases with increasing temperature, r will increase (smaller 
negative values) when r is constant. Hence, a temperature gradient in 
soil of uniform water content will give rise to a matric potential 
gradient favoring moisture movement in the liquid phase in the direction 
of decreasing temperature (Marshall and Holmes, 1979). 
Moisture Movement under Unfrozen Conditions 
The term "unfrozen" refers to a condition in a soil-water system in 
which the temperature is above the freezing point. 
Migration of water in soils under the influence of temperature 
gradients was first analyzed in detail by Levedev (1912, 1927) who 
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considered that such movement is a major factor in the water regime of 
soils and in the forming and replenishment of groundwater. He studied 
the effect of the absolute vapor pressure gradient across the soil layer 
on the movement of water vapor. Levedev was the first to experiment and 
determine the liquid and vapor flow of water using a paraffin coated 
brass grid as the porous medium. 
Bouyoucous (1915) conducted a detailed experiment in soil columns 
under laboratory conditions and found that water moved opposite the 
temperature gradient, i.e., from the warm to the cold end of the column. 
He also found that the rate of water transported under a given 
temperature gradient increased at first, reached a certain maximum, and 
then decreased until no transport was apparent any longer. The rate of 
moisture transfer also increased with increasing temperature gradient. 
His conclusion was that as the temperature increases, the forces of 
adhesion and attraction between the solid particles and the moisture 
decreases, therefore the cold soil attracts the moisture from the warm 
end of the column until equilibrium is established. The higher the 
temperature of the warm end, the greater the amount of water moved. He 
further stated that as equilibrium is approached, the attractive force 
exerted by the cold end, owing to the increase in its moisture content, 
begins to increase more slowly than the decrease in the adhesion and 
attraction in the warm end, until the cold end ceases to attract the 
moisture altogether. His result was confirmed by Jones and Kohnke 
(1952). 
5 
Penman (1940) studied the relationship governing the movement of 
water vapor in the soil as affected by soil vapor pressure and 
temperature based on Pick's law and developed the following steady state 
relationship for one-dimensional flow, 
dq - DA dp 
dt " T~ âï 
where 
q =» vapor mass, mg 
t •= time, sec 
D = diffusion coefficient of the vapor in the porous materials, 
cm^ /sec 
P " P/n 
p = vapor pressure, mm Hg 
n = concentration of vapor gas in mg/cm^  
A — cross-sectional area, cm^  
1 - length of the soil column, cm. 
The diffusion formula was validated with the use of CS^  and CH^ COCH^  
(acetone) and COg as flow materials through a wide range of porous 
media, including soils. 
Gurr et al. (1952) investigated the flow of moisture under a 
temperature gradient using horizontal soil columns and concluded that a 
state of equilibrium cannot be reached without a cyclic transfer of mass. 
Salts were placed in the cold end as a tracer, and it was found that for 
all except the wettest and driest soils there was a transfer of salts 
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toward the warm end. They explained that water moved as a vapor from the 
warm to the cold end, and that when a suitable soil moisture tension 
developed, water carrying salts moved in the liquid phase from the cold 
to the warm end. In these experiments, the maximum net transfer of water 
from the warm to the cold end occurred in columns in which the initial 
moisture contents were approximately a third of the moisture equivalent. 
Moisture equivalent was defined as the percentage of water, by weight, 
retained by a previously saturated sample of soil one cm in thickness 
after it has been subjected to a centrifugal force of 1000 times gravity 
for 30 minutes. 
Smith (1943) conducted an experiment to determine the relative 
importance of vapor versus liquid flow in moisture movement and concluded 
that vapor diffusion was negligibly small. He proposed capillary 
movement induced by vapor condensation as a mechanism of movement; 
Just after a temperature is applied, capillary bodies 
adjacent to the warm plate are not in equilibrium and (water) begins 
to evaporate. The excess vapor condenses, to some degree, on the 
capillary bodies immediately ahead. The resulting bodies are not in 
equilibrium and will move by ordinary capillary into the cells 
immediately ahead on the cool side. Rings of liquid, only, are left 
around contact points in the cell vacated. Vapor condensation has 
served as a trigger to start the process. It should continue until 
all the liquid, except that left as pendular water in form of small 
rings around contact points, has moved to the cool side of the 
sample. 
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However, Maclean and Gwatkin (1946) studied the movement of soil 
moisture under a temperature gradient and concluded that the mechanism 
causing the movement was vapor diffusion. They concluded that the time 
needed to established equilibrium in a 20-cm long closed soil column was 
nearly 120 hours for clays, and that it was different for different 
soils. They assumed that equilibrium conditions were reached when the 
water content gradient became such as to give uniform vapor pressure 
throughout the soil. 
Winterkorn (1947) enumerated four possible mechanisms of moisture 
movement under a temperature gradient: (1) diffusion of water vapor 
through the pore space under a concentration or partial pressure 
gradient; (2) diffusion of water in soil solution as observed for 
hydrophilic membranes separating chambers at different water-vapor 
pressure, (3) movement as capillary water due to the differences in 
surface tension at different temperatures, and (4) flow of moisture in 
the film phase along the surfaces of the soil particles in a porous 
system due to change in water affinity of the soil with change in 
temperature. He believed (4) was the most important mechanism in 
moisture movement resulting from a temperature gradient. 
In a laboratory experiment carried out to determine the rate of 
moisture movement at different initial soil moisture contents when the 
soil column was subjected to a fixed temperature gradient, Croney and 
Coleman (1948) found that as the moisture content was increased, the rate 
of moisture transfer decreased. They concluded that this was due to the 
closure of the soil pores by water in the liquid phase. They also found 
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that the presence of a temperature gradient in a soil of uniform type 
created correspondingly large vapor pressure gradients but only small 
suction gradients, and concluded that in this case moisture movement will 
normally take place in the vapor phase. 
Similar to Gurr et al. (1952), discussed later, Rollins et al. 
(1954) in a theoretical and laboratory study conducted to determine the 
rate of moisture movement in a horizontal soil column under a thermal 
gradient above freezing showed that' an equilibrium state requires a 
cyclic transfer of moisture in the soil-water system. Water moving from 
the warm to the cold side in the vapor phase was returned to the warm 
side in the liquid phase through a capillary tube provided. They 
concluded that the accumulation of moisture on the cold side may be the 
result of movement of water both as a liquid and as a vapor. Their 
derived equation for vapor diffusion q-^  (g/cm^ -sec) in a soil medium 
under a temperature gradient is 
P 181?,^  dT 
q_- - z  
(P - P^ ) RT dx 
where a = a dimensionless factor depending on structure 
= (0.289 X 10"^ )/T = mass of 1 cm^  water vapor at 1 mm pressure 
and temperature T, g/cm^ -mm Hg 
 ^= volume fraction of air filled voids 
D - diffusion coefficient of water vapor in air, cm^ /sec 
R = universal gas constant, cal/g-mole-°K. 
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T - absolute temperature, °K 
L - heat of vaporation, ca l /g  
P - total pressure of moist air, mm Hg. 
P-^  = partial pressure of water vapor, mm Hg. 
X — coordinate in cm 
A more complete mathematical model governing moisture movement 
through a porous unsaturated medium which takes into account gravity, 
moisture, and temperature gradient effects was derived by Philip and 
DeVries (1957). The general equations for vapor (q^ ) and liquid (q^ ) 
moisture movement are 
- Ki (3) 
and 
V^ v " -°gv^ v^ " (4) 
where q^  (q^ ) - liquid (vapor) flow rate, g/cm^ -sec 
1^ (fy) - density of liquid (vapor) water, g/cm^  
Kdr /dd^ ,  isothermal liquid diffusivity, cm^ /sec 
9^  - volumetric liquid content, cm^ /cm^  
D^ "^> Kar, thermal liquid diffusivity, cm^ /sec-°C 
K = unsaturated hydraulic conductivity, cm/sec 
a = temperature coefficient of surface tension of water, °C -1 
r - water pressure, cm 
T = temperature, °C 
a>7D^ ^^ 7gp^ (dr/d^ )^ (pj^ RT) isothermal vapor diffusivity, cm^ /sec 
« = tortuosity factor for diffusion of gas in soils (- 0.67) 
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rj = volumetric air content, cm^ /cm^  
7 — P/(P-p) mass flow factor 
P - total gas pressure, mm Hg 
p = partial pressure of water vapor, mm Hg 
g = acceleration of gravity, cm/sec^  
R - gas constant of water vapor, 4.615 x 10^  erg/g-°C 
D molecular diffusion coefficient of water vapor in air 
atm 
(=4,42 X 10-4 t2-3/P), cm^ /sec 
- volumetric water vapor content, cm^  of precipitable water/cm^  
V - gradient 
i •» unit vector in the positive z direction. 
DeVries (1958) coupled their model above for simultaneous transfer 
with heat flow given as 
% - -(k, - ' (5) 
where = heat flux, cal/cm^-sec 
= thermal conductivity, cal/cm-sec-'C 
Dtv ~ thermal vapor diffusivity, cm^ /sec-°C 
c^  = specific heat of liquid water, cal/g-°C 
L =» heat of vaporization, cal/g (= 585 at 20° C) 
= arbitrary reference temperature, °C 
4m - ^ 1 + Sv" 
Cassel et al. (1969) compared the predictability of different models 
applied to uniformly packed horizontal samples of Columbia fine sandy 
loam and found that Philip and DeVries' (1957) simultaneous heat-moisture 
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transfer model predicted the observed moisture fluxes within acceptable 
agreement. Pick's law and the modified Taylor-Cary (1964) irreversible 
thermodynamic equations both underpredicted the observed fluxes. 
Most laboratory soil column experiments mentioned above were set up 
in a horizontal position so that the effect of gravity was eliminated or 
assumed to be negligible. The influence of gravity can oppose the flow 
effect of a thermal gradient under field conditions. No matter how small 
the diameter of the soil column used, gravity effect always plays a role 
in the transfer of moisture, the soil in the column being dryer on the 
top and wetter on the bottom layer. The moisture gradient effect also 
can not be neglected in the analysis because differences in moisture 
content along the column can oppose flow effect created by a thermal 
gradient. 
Placing the columns in horizontal position could, create a two-
dimensional flow and a cyclic transfer of moisture. Vapor could move 
upward (transverse) resulting from differences in vapor pressure between 
the top and lower soil, and horizontal (longitudinal) resulting from the 
thermal gradient. The net or resultant vapor flow is toward the cold 
side where condensation occurs. When a sufficient soil moisture 
difference between the ends of the column (moisture gradient) is 
developed to overcome the effect of the temperature gradient, moisture in 
the liquid phase moves horizontally in the bottom soil from the wet 
(cold) to the dry (warm) end of the column. Thus, a cyclic transfer of 
moisture is complete, and motion continues in the same pattern. This is 
probably the reason why Gurr et al. (1952) observed solute movement from 
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the cold to the warm end of a soil column. Horizontally placed columns 
could create another experimentally undesirable effect. Soil settlement 
and shrinkage during the moisture desorption process could create a gap 
between the upper inner circumference of the column casing and the packed 
soil. This gap could served as an open channel for vapor to move to the 
cold side and would favor vapor movement. 
With the presence of a thermal gradient along an upright soil column 
(colder top), an equilibrium condition could be attained without a cyclic 
transfer of moisture. The equilibrium condition is reached when the 
effect of gravity is balanced by the effect of the thermal gradient. A 
net flow toward the upper cold end is possible only if a thermal gradient 
is high enough to overcome the effect of gravity. It appears that under 
field conditions with the temperature of the soil surface above freezing, 
even probably with large temperature gradients, net moisture transfer to 
the upper soil layer could be negligible compared to the moisture 
movement in a soil profile in which freezing occurs and an ice phase is 
present. 
Moisture and Solute Movement Under Freezing Conditions 
Thermally driven liquid transfer under most field and laboratory 
situations has been assumed by many investigators to be negligible 
because the properties of the adsorbed liquid films do not change 
significantly with temperatures above 0° C (Harlan, 1973; Gurr et al., 
1952; Kuzmak and Sereda, 1957). For temperatures below 0° C, however, 
several investigators have shown the processes of water movement in 
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porous materials to be altered considerably by the presence of an ice 
phase, where in general, the freezing process induces both heat and 
moisture transfer from warm regions to cold regions (Jumikis, 1977; 
Scott, 1969). However, freezing in soil and the heat and moisture 
transfer from warm to colder zones are very complex phenomena, and some 
of the processes taking place are not well understood (Jumikis, 1966). 
Jumikis (1966) stated that a variation in any one of the factors in 
the soil freezing process influences to a greater or lesser extent the 
other factors, such as the properties of soil, water and ice. Heating, 
cooling, precipitation, and evaporation of water are some of the factors 
that influence the behavior of the entire soil-water-temperature system. 
Other changes take place during the freezing process in soil are changes 
in thermal properties of the various substances present, supercooling of 
water, changes in the density and viscosity of water, changes in the 
dielectric constant of water, and changes in the structure of the double 
layer around soil particles. 
Globus and Nerpin (1960) studied the movement of water towards a 
frozen soil layer. They pointed out that the overall water stream toward 
the frozen layer is comprised of three components: (1) stream of 
diffusing vapor, (2) a capillary stream in response to temperature 
gradient, and (3) a stream produced by the sharp decrease in the moisture 
potential during the formation of ice. They considered the third factor, 
the decrease in the water potential as a result of crystallization of 
ice, to be the most significant in the transfer of moisture. They 
pointed out that the nature of these forces still remains unclear. 
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Rode (1969) mentioned that the presence of a potential can never be the 
origin of forces acting on the moisture, but merely their mathematical 
expression. Tyutyunov and Nersesova (1963) considered that these forces 
originate in the surface energy of the solid soil particles which is 
liberated during the dehydration of these particles in the process of ice 
formation. 
Ferguson et al. (1964) conducted a field experiment on a silty clay 
loam soil in Montana, and found that water moved to a frozen zone under 
field conditions when water in the unfrozen zone was held at low 
tensions. They suggested that the amount of movement depends on 
available soil water, temperatures of the frozen zone, length of frozen 
period, and physical properties of the soil. They observed thawing in 
the spring occurred from both top and bottom in the profile but was more 
rapid from the top. 
Hoekstra and Chamberlain (1964) have shown the water present in 
liquid films adsorbed on the surfaces of soil particles and in clay 
platelets to be mobile and to be transported under electrical as well as 
thermal gradients. Electrical gradients could induce flow as a result of 
electrical potential (voltage) developed between the two opposite ends of 
the soil column. The higher the voltage difference between two given 
points (electrical gradient) in the soil, the more liquid water is 
transported. 
Gouda and Winterkorn (1949) carried out experiments on movement of 
moisture under a temperature gradient with the aim of investigating the 
similarity between electro-osmosis (flow due to electrical gradients) and 
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thermo-osmosis (flow due to temperature gradients). The soil was placed 
in the lucite cylinders 10 cm long and 5 cm in diameter. A temperature 
gradient was established by bringing one end of the soil tube into 
contact with a heating coil and the other into contact with ice water. 
Platinum electrodes were placed in opposite ends of the soil tube to 
detect any difference in potential. A summary of their results is as 
follows : 
1. Initial moisture content has considerable effect on the water 
moved and also on the voltage developed between the two ends. 
2. The voltage developed during thermal movement of moisture was 
maximum at about the soil plastic limit (plastic limit is defined as the 
moisture content at which soil, rolled into a thread 3 mm in diameter, 
begins to crumble). 
3. Nearly all water moved in as short a time as 1.33 hours under an 
average temperature gradient of 3.5° C/cm, thus most of the water is 
moved in the initial stages when the equilibrium is disturbed, and only 
very slight movement occurs during the latter and more extended period. 
4. The voltages developed at the beginning of the experiment are 
very close to or only slightly lower than the maximum. 
Dirksen and Miller (1966) conducted a laboratory experiment using 
silt soil known to be highly susceptible to frost heaving. The soils 
were packed uniformly at 26.9% moisture content (volume basis) into 
lucite cylinders 7 cm in diameter and 9.6 cm long. The temperature at 
the top of the columns was maintained at about 8.7° C, while the bottom 
temperature was kept at about -4.7° C. They confirmed that frost heaving 
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sometimes occurs in these closed soil columns after 48 hours of 
continuous freezing at the bottom. The region just ahead of the 
advancing ice front (warm side of the frozen-unfrozen interface) did not 
become saturated in the expected manner, but instead suffered a net loss 
of water. Water lost from the unfrozen soil entered the frozen soil, and 
caused its water (ice) content to increase for a considerable distance 
behind the last layer of the 0° C isotherm (in the cold side). They 
found that moisture transport within the frozen soil was dominated by 
liquid flow and that vapor phase flow was negligible. As the liquid 
water film was converted into the ice phase, the frozen soil actively 
extracted water from the unfrozen soil. The resultant water content 
gradient in the unfrozen soil induced moisture flow toward the frozen 
soil. As the rate of ice accumulation diminished, the moisture gradient 
dissipated, and the water transport due to temperature gradient became 
relatively more important. By that time, heaving virtually ceased. They 
concluded that thermal water transport is not essential for heaving in 
moist soils that lack an external source of water. They found that water 
moved freely within the frozen soil, provided the temperature was not too 
low and that much of the heaving occurred within the frozen soil rather 
than at the boundary between the frozen and unfrozen soil. However, the 
soil column set-up of Dirksen and Miller was such that the bottom was 
cold, while the top end was warm. It is possible therefore, that gravity 
could have considerably contributed to the flow of moisture toward the 
freezing zone, resulting in frost heaving in some of the columns. 
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Hoekstra (1966, 1967) stated that for a partially frozen soil the 
temperature of the system places a "physical restraint" on the mobility 
of water. Since the thickness of adsorbed films decreases directly with 
temperature, the hydraulic conductivity should also decrease with 
temperature below 0° C and should be independent of total water content 
and porosity. He also mentioned that since the liquid water content in a 
partially frozen soil is mainly a function of temperature, a thermal 
gradient in a partially frozen soil is analogous to a water content 
gradient in an unsaturated homogeneous soil. Farouki (1981) mentioned 
that at temperatures well below freezing, the continuity of 
interconnecting unfrozen water films may be disrupted. 
Jumikis (1969) studied the effect of soil porosity on the mechanism 
of upward moisture transfer in a freezing soil system with the bottoms of 
30-cm soil columns soaked with water (using a constant water table). The 
soil (silty, with ranges of different soil porosities) in the columns was 
initially near the wilting point before soaking and freezing. The 
temperature at the 1-cm depth was about -15° C, while at the bottom 
temperature was about 22° C, He found that the amount of soil moisture 
transferred from the water table to the cold front was greater the lower 
the porosity of the soil. He also indicated that the most effective 
mechanism for upward flow of moisture was the mechanism of film flow for 
soil porosities between 28 and 50%. For soil porosities between 60 and 
75%, the effective moisture transfer was by way of vapor diffusion. 
Above 75% porosity, the moisture transfer took place exclusively by vapor 
diffusion. He further stated that although occurring in measurable 
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quantities, moisture transfer in the vapor phase at nearly 100% porosity, 
constituted only about 1/5 of the maximum amount of soil moisture 
transferred in the film phase at 40% porosity. 
Laboratory studies on saturated silt soil columns subjected to 
different thermal gradients by Loch and Kay (1978) showed that the zone 
of ice accumulation occurred in the layer just above the 0° C isotherm 
(in the cold side) when minimal overburden was involved. 
In an overwinter experiment conducted in Saskatchewan, Canada, 
Campbell et al. (1970) found that moisture and NO3-N in cylinders of a 
loam soil wetted initially to near field capacity, moved upward and 
tended to accumulate near the surface in winter, and downward again to an 
approximately uniform distribution in the soil profile in early spring. 
They concluded that redistribution of NO3-N must have resulted from 
liquid flow but offered no explanation about the cause of the increase in 
NO3-N concentration in the frozen zone in which the maximum increase in 
NO3-N in a layer resulted in a concentration that was 25% higher than the 
initial concentration. The amount of movement of soil moisture and NO3-N 
was negligible in cylinders initially near the wilting percentage. 
However, when the cylinder lids were removed in February to allow some 
infiltration and the cylinders were sampled after an early spring thaw in 
mid-April, snowmelt had leached NO3-N downwards to the depth of thaw. 
Concentrations in the upper third of the column were almost zero, 
increased to maximum (100% higher than the initial concentration) just 
above the depth of thaw, and decreased to zero in the lower end of the 
column. In their in-situ studies on stubble control plots, after winter 
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freezing there was a net increase in NO3-N of approximately 20 kg/ha. 
The major portion of this increase occurred in the 0- to 30-cm depth. 
Adding 10 cm of water to the stubble plot in autumn tended to leach NO3-N 
from the upper 30 cm and distributed it between 30 and 90 cm. By spring, 
the distribution was similar to that of the control plots, but there was 
a net loss of NO3-N in the 0- to 90-cm depth. The results on fallow were 
very similar except that the increase in NO3-N over the winter period was 
very large, especially where water had been added. 
In an study conducted in dry and irrigated areas in Saskatchewan, 
Canada over the winter, Gray et al. (1985) found that the magnitude of 
moisture fluxes were directly related to the moisture content and were 
greatest in the lighter-textured, irrigated soils having a water table at 
a relatively shallow depth. In soils which were dry in the fall, the net 
change in the moisture status due to. freezing was negligible. Over­
winter moisture losses from the 0-30 cm layer were most common, whereas 
gains were most frequent in a 100-cm depth. In irrigated areas, the 
amount of moisture migration to a freezing front in the 0-100 cm depth 
greatly exceeded snowmelt infiltration. In dryland prairie areas, over­
winter upward moisture migration represent, on the average, 20 to 50% of 
the soil moisture increase between fall and the end of snowmelts. They 
also found that the over-winter changes in the 0-30 cm layer were 
independent of the moisture content at freeze-up and the average soil 
temperature gradient in the zone during the 60-day period following 
freeze-up. 
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Some recent conceptual models of water movement within frozen soils 
consider that important liquid water flow takes place at least within the 
warmest, least frozen portion of the frozen soil. Hoekstra (1966), 
Penner (1967), and Loch and Kay (1978) found in their experiments that 
ice lens formation occurred at least slightly within the frozen zone, 
behind a "fringe". This fringe was defined by O'Neill (1982) as the zone 
over which volumetric ice content increases from zero at the freezing 
front to 100% (neglecting entrapped air) at the location of the warmest 
lens. He further stated that the thickness of the fringe depends on a 
variety of factors, with high overburden pressures and low temperature 
gradients both tending to increase fringe thickness. He concluded that 
the most extensive ice accumulation ultimately occurs where (non-zero) 
pore ice concentration is least. Pore ice concentration is the 
concentration of the total solution in the frozen layer under 
consideration. 
Gary and Mayland (1972), Harlan (1973), and Gary et al. (1979) 
developed equations describing the flow of water in frozen soil as 
analogous to the flow of water in unsaturated and unfrozen soil by making 
use of Darcian flow. They envisioned the films of liquid water in soil 
with ice present responding to potential gradients in the same way as 
films of liquid water in unfrozen soil. In support of their hypothesis, 
Williams and Burt (1974) made direct measurements of the hydraulic 
conductivity in frozen soil and found that it decreased rapidly as the 
temperature decreased, just as does the more familiar relationship 
between water content and conductivity in unfrozen soil. 
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The liquid water content in soil with ice present depends on the 
concentration of soluble salts, the temperature, and the shape of the 
soil water retention curve (soil moisture tension versus moisture content 
curve) (Gary and Mayland, 1972; and Gary et al., 1979). They found that 
mass flow of dissolved salts in a liquid film of water was the principal 
transfer mechanism for both water and salt, although both vapor and salt 
diffusion were sometimes found to be significant. Since thermal 
diffusion and salt sieving (or separation) by the soil mineral surfaces 
were seen to be unimportant, they proposed the following approximate 
quantitative relationships describing the flow of soil solution and salt 
in unsaturated frozen soil as 
dr D p.L dT 
9 w —  
and 
dr dn 
% -  -V i z  -
where q^  = liquid water flux, cm/day 
qg " salt flux, Aisq/cm^ -day 
z » depth, cm 
K =• soil hydraulic conductivity, cm/day 
r - soil matric potential, cm of H2O 
P - a dimensionless constant - 2.5 
Pi - vapor pressure of ice, cm of H2O 
L = latent heat of vaporation, cal/g 
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T = absolute temperature, °K 
R - universal gas constant, cal/g-mole-°K 
a - fraction of water unfrozen in a cross-section at depth z 
(j> - a tortuosity factor 
Dg = diffusion coefficient of salt in water, cm^ /day 
ng = mole fraction of salt. 
Campbell (1974) showed that r can be evaluated from the soil 
moisture retention curve given as 
-b 
r - Tg (4/fg) (8) 
where r - soil moisture tension, cm of water 
fg - air entry value of the soil, cm of water 
6 (#s) - unsaturated (saturated) water content, cm^ /cm^  
b^  = a constant. 
The hydraulic conductivity may be expressed as 
(2b + 2) 
k - \{9/e^ )  ^ (9) 
where k (kg) - the unsaturated (saturated) hydraulic conductivity, 
cm/sec. 
Gary et al. (1979) utilized equations (8) and (9) and included the 
osmotic potential component, (f> (expressed in cm of water), in their study 
on water and salt movement in unsaturated frozen soil, and obtained the 
following equation 
1.2 X 10^  T = r + ^  (10) 
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where 1.2 x 10^  is a factor that approximately converts the temperature 
of ice, T in "C, to total water potential in cm of water. Combining and 
rearranging equations 8, 9, and 10 into the Darcy flow equation gives the 
unsaturated soil water flow equation in the frozen system which they used 
in their model, 
q = -k 
w 
1.2 X 10^ T - ^ 
r 
e 
-2[l+(l/b)] 
4 dT d{& 
1-2:: 10 dz dz + 1 (11) 
Equation 11 assumes that the water content, including ice, is less 
than saturation, and that water transport due to ion exclusion, liquid-
ice interface phenomenon, vapor diffusion, and plastic flow of ice are 
all negligible. They claimed that their theoretical equation agreed 
satisfactorily with their field experiment, showing that water in the 
frozen soil flows from high to low temperatures, and that solutes in even 
very low salt soils are important in decreasing frost heave and 
increasing infiltration of water. They suggested that since liquid flow 
is so closely coupled with temperature, heat flow must be considered 
simultaneously in any comprehensive analysis. They also suggested that 
under freezing conditions, larger temperature gradients can create lower 
temperatures which favor greater heaving pressures, but as the thermal 
gradient increases, it will reach a point, depending on the salt content 
of the soil and the hydraulic conductivity, where the heat flux becomes 
unstable (due to net heat loss from a given soil layer). At this point, 
the freezing front will override the upward water flow and move deeper 
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into the soil. Others have recognized that moisture and heat flow are 
coupled processes with complex interactions. Heat and mass transport are 
in fact the two major physical processes taking place in arctic tundra 
soils in Alaska, U.S.A. (Nakano and Brown, 1971). 
Fuchs et al. (1978) derived a liquid flow model to include gravity 
and solute effects given as 
(dT/dz) - K(dr /dz) (12) 
where a 
and 
1/b 
br 1-j; m/(b-l) 1 
. ^  ? . • 1 . T 
l - t ]  br 1-n 
e ' 
TT M 
l/(b-l) 
• i^H 
T-273.16 
- 1 
qi - liquid water flux, m/sec 
PI •= density of liquid, kg/m 
oc = coefficient, Pa/°K 
K (Kg) — unsaturated (saturated) hydraulic conductivity, m^ /sec-Pa 
T - soil temperature, "K 
z •» displacement, m 
TQ = air entry negative pressure, Pa 
Tg = gravitational potential. Pa 
ri = osmotic factor, dimensionless 
Li = latent heat of ice fusion at temperature T, J/kg. 
m, b = empirical constant. 
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For solute free soil water, a = p^ L^ /T (Hoekstra, 1966), In a 
freezing soil, Fuchs et al. (1978) mentioned that thermally induced water 
flux will be much larger than gravity induced flux, so that for a given 
soil solute content, liquid water flow is primarily determined by soil 
temperature and the temperature gradient. They also showed that it is 
the zone of soil where a large fraction of soil water undergoes a liquid-
ice transformation that allows the most rapid transport of water. The 
hydraulic conductivity in this zone decreases rapidly with decreased 
temperature, but the presence of solute in soil water lowers the 
temperature at which water flow can remain high. Presence of solutes in 
the soil water significantly lowers the temperature range over which the 
freeze-thaw zone develops and may allow considerable transport of water 
and heat at lower temperatures than in the absence of solutes. They 
showed by mathematical proof that the magnitude of vapor phase transfer 
is negligible compared to liquid flow for ffi/0s < 0.67, where 0i is the 
volumetric liquid moisture content and 6g, the air-filled pore volume per 
unit volume of dry soil (porosity). 
Sheppard et al. (1978) developed a computer model for heat and mass 
flow in frozen soil by assuming that mass flow takes place only by liquid 
flow. Their unified model equation for moisture content in the frozen 
layer, when mass and heat transport equations including overburden 
pressure are combined, is given by 
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where 
4*1 
C - C + — 
n  p \  H' K 
a' - « + J 
C (C) - heat capacity (apparent) of the soil, ergs/cm^ /'C 
T - temperature, "C 
t — time, sec 
z = depth, cm 
oc - thermal conductivity of the soil, watt/cm/°C 
Hg (Hp - specific heat (apparent) of fusion of water, erg/g 
9^  liquid water content, cm^ /cm^  
K - hydraulic conductivity, cm^ /sec-bar 
PI - density of liquid water, g/cm^ . 
Sheppard et al. (1981) claimed they confirmed qualitatively their 
simulation model for coupled transport of water and heat with their 
detailed measurements made under laboratory and field conditions. For 
instance, as predicted, large discrete ice lenses tended to form close to 
the 0° C isotherm, advanced a sufficient distance below the ground 
surface, and that the rate of advance was relatively slow. They 
identified some problems associated with obtaining a data set which 
permits a rigorous testing of coupled flow models under field conditions. 
These problems, though not unique to freezing soils, are greatly 
accentuated by the variabiltiy of temperature, moisture and hydrologie 
characteristics of the frozen soil, and air pressure in the unsaturated 
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zone. Variability in temperature and moisture profiles increases under 
freezing conditions. Variability in temperature profiles is strongly 
influenced by variations in the depth of the snow pack arising from 
natural drifting process and disturbance by artificial means. The 
variability of soil temperature decreases as snow depth increases. 
In summary, reports from several laboratory and field studies 
indicate the importance of an ice phase in the soil in the migration of 
solute toward a cold zone, particularly the buildup of moisture in the 
vicinity of the frozen-unfrozen interface and the depletion of moisture 
immediately below the interface. In a closed system the accumulation of 
moisture decreases toward the coldest end of the frozen layer. Studies 
also indicate that a close proximity of a water table in an open freezing 
soil system tends to create a situation that has potential for frost 
heaving. The findings also show that the rate at which moisture moves, 
and whether or not frost heaving occurs, depends on the temperature 
gradient, the initial moisture content, and duration of freezing. Liquid 
phase flow was shown to be important in wet soils, while vapor phase 
movement was also recognized in its role for the transfer of moisture in 
drier soils. 
The findings from several field studies in the cold regions 
demonstrate a possible effect of surface freezing conditions on the 
recovery of anions back up into the root zone layer. The effect of 
spring thaw was also shown to increase leaching. 
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Anion Exclusion and Leaching 
Anion exclusion is a phenomenon in which anions in the soil solution 
are repulsed from the negatively charged soil surfaces. This phenomenon 
is particularly evident in soils of high cation-exchange capacities (or 
low anion-exchange capacities) which contain dominantly smectite clays 
(montmorillonites and micaceous minerals) (Schofield, 1939; Berg and 
Thomas, 1959; Low, 1962; Dyer, 1965; Thomas and Swaboda, 1970; Appelt et 
al., 1975; Tullock et al. 1975). Kinjo et al. (1971) mentioned that the 
negative adsorption effect of NO3-N is commonly observed in temperate 
regions where soils are predominantly 2:1 type layer silicate clay 
minerals. In such soils, the flux of NO3-N can be greater than that for 
water. This effect therefore could result in increased leaching of 
anions like NO3-N. 
Laboratory column experiments conducted by Tullock et al. (1975) 
showed an increase of 2-25% in the relative rate of chloride movement to 
water movement in soils, when the movement of water was calculated on a 
total pore-volume basis. The increase was explained as a result of anion 
exclusion from the soil solution. 
Kinjo et al. (1971) studied the distribution and movement of NO3-N 
in soil columns as affected by the amount of percolating water using 
tropical subsoils. Uniform air dry soils were lightly packed into the 
plexiglas columns 1.6 cm in diameter and 11 cm long. Each column was 
first saturated with a known amount of distilled water (equivalent to one 
pore volume), followed by addition of the same volume of NO3-N solution 
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to the top of the column. After the initial volume of solution had 
completely penetrated into the soil, leaching was continued with 
additional pore volumes of distilled water, maintaining a constant head 
of water in the column. Before and after leaching each 1-cm layer of the 
columns was analyzed for NO3-N. Plots of NO3-N concentration versus 
depth were bell-shaped the with peak NO3-N concentration near the top 
layer for columns that were only wetted with one pore volume of distilled 
water. Practically no NO3-N was observed below the 5 cm depth. A 
greater portion of the NO3-N applied was displaced by addition of 3 pore 
volumes of water than for 2 pore volumes and it took 4 pore volumes of 
water to leach all the NO3-N from the column. The movement was 
considered as indicating that NO3-N in the column moved slower than 
water. 
Kinjo et al (1971) described the rate of NO3-N desorption using a 
first order reaction equation by assuming the number of fractions of 
effluent to be proportional to time (t) and the rate of desorption to be 
proportional to the amount (A) of NO3-N remaining in the column. Thus, 
- dA/dt - kA (14) 
where k is a proportionality constant (1/time). They arrived at equation 
15 after integrating 14 with initial conditions for A=Ao at t=0; thus 
A - A^ e (15) 
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Upward movement of water and NO3-N may occur as water is evaporated 
from the soil surface. This movement may serve to supply the plant with 
nitrogen from subsoil waters. The height of capillary rise of capillary 
water is inversely proportional to the minimum diameter of the 
interconnecting pores, while the rate of rise is proportional to the size 
of the bigger pores (Gardner and Fireman, 1958). Swedlund (1956) found 
NO3-N to accumulate at or near the surface of a soil as the soil dried by 
surface evaporation. Movement of water in the liquid phase constituted 
the major mechanism of movement until the moisture content was reduced to 
about 15% on the dry-weight basis or about 3300 cm of water tension. 
Below this moisture content and near the soil surface, movement occurred 
chiefly in the vapor phase as indicated by the deposition of NO3-N in the 
sublayer. 
Bresler and Laufer (1974) using chloride as a tracer compared the 
effects of convection, ionic diffusion, mechanical dispersion, anion 
exclusion, and water flow in response to salt concentration gradients in 
laboratory experiment under conditions of infiltration, redistribution 
and evaporation of water in the upper part of the soil profile found that 
for loam soils with CEC of 0.14 meq/g osmotic gradients and anion 
exclusion effect are of minor importance. 
Anion attraction to soil surfaces can also occur. The leaching of 
chloride (CI) and sulfate (SO4-S) anions through columns of sand and clay 
soils was investigated by Berg and Thomas (1959) by adding salts to the 
top layers, eluting with water, and measuring concentrations of ions in 
column eluents. They plotted the concentrations with depth and found a 
31 
distribution coefficient of one was interpreted as indicating no anion 
attraction to the soil. A distribution coefficient of one signifies a 
shape of a curve to be normal (bell-shaped). Deviations from a "normal" 
curve resulting in a skewed elution pattern were interpreted as 
indicating anion attraction to the soil. Soils column treated with SO4-S 
produced elution curves that are more asymmetric than for soil columns 
treated with CI, particularly in soil treatments high in kaolin and 
oxides of aluminum and iron. 
In summary several studies indicate that exclusion of anions from 
the soil solution could enhance NO3-N movement with water in most soils, 
but not in all. In soil where anions are excluded from the soil 
solution, surface evaporation and freezing could play an important role 
in enhancing recovery of NO3-N through upward liquid moisture movement 
to, or within, the root zone. 
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PART I. EFFECT OF EXCLUSION ON ANION MOVEMENT 
IN THE SOIL SOLUTION 
33 
ABSTRACT 
An experiment was conducted to determine if anion exclusion enhanced 
NO3-N removal from soil as the soil solution was extracted. A soil 
slurry was used and subjected to an increasing air pressure in a pressure 
plate extraction apparatus. 
N03-N concentration in extracted solution showed a sharp decline as 
moisture content declined from saturation to field capacity (300 cm of 
water tension), and NO3-N concentration continued to decline at a 
decreasing rate as soil moisture tension was increased. This indicated 
that anion exclusion was occurring. The relationships between soil 
moisture tension, moisture content, and concentration of the extracted 
solution are discussed. 
The amount of NO3-N removal during extraction depended not only on 
the effect of anion exclusion on NO3-N concentrations but also to a large 
degree on the amount of solution extracted. About 1/5 of the total NO3-N 
was lost when the slurry was drained to field capacity, and only about 
1/4 remained in the soil after applying a soil moisture tension of 
9500 cm. 
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INTRODUCTION 
NO3-N, either formed from organic matter or added as inorganic 
fertilizer, is very soluble and moves easily with water. In the soil the 
NO3-N anion is not held by the negatively charged surfaces of soil 
colloids as are cations. The tendency for an anion like NO3-N to repel 
from the negatively charged clay surfaces, giving the effect of a 
negative adsorption, is called anion exclusion. Since the solution more 
removed from the soil surfaces contains more anions than the solution 
near the soil-water interface, this more mobile solution would be 
expected to carry NO3-N in relatively higher concentrations than the 
solution retained in the soil (Tan, 1982; Bolt, 1976). This 
concentration difference could result in either increased leaching of 
NO3-N with water moving down below the crop root zone, or in an 
accumulation of NO3-N near the top soil layer if water in the liquid 
phase is moving upward. 
High amounts of precipitation that sometimes occur in Iowa could 
aggravate the problem of NO3-N leaching through the soil root zone. 
However, at other times part of the leached NO3-N could possibly be 
recovered by upward liquid moisture and NO3-N flux enhanced by the anion 
exclusion phenomena. This could happen during a dry summer because of 
évapotranspiration or during winter because of surface freezing. 
It is possible that knowledge of this potential negative adsorption 
in the soil could be. used to advantage in developing economical nitrogen 
fertilizer application programs. The purpose of this study, therefore, 
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was to evaluate if anion exclusion is important in solute movement with 
water in the liquid phase. Functional relationships between soil 
moisture tension, moisture content, and NO3-N concentration are 
discussed. 
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MATERIALS AND METHODS 
A pressure plate extraction apparatus was used to simulate drainage 
or leaching of NO3-N from a soil slurry. This apparatus consisted of a 
high pressure chamber, a ceramic porous plate where soil slurry was 
placed, and an outlet hose attached to a catchment container. Constant 
pressure was applied at predetermined settings to the soil slurry on the 
porous plate using an electrically driven air compressor, control valves, 
gages, and tubing. Extracted solution (drainage water) collected in the 
container at a given pressure was weighed and analyzed for NO3-N 
concentration. This experiment was conducted in the soil physics 
laboratory of the Agronomy Department, ISU, where the room temperature 
was controlled at about 20 ± 0.5° C. Analyses of the extracts for NO3-N 
concentration were performed in the chemistry laboratory of the 
Agricultural Engineering Department, ISU, using an automated cadmium 
reduction method (APHA, 1985). 
Pressure Plate Set-up 
A 1200-gram portion of a sieved air-dry Webster silt loam soil (9.0% 
moisture on a dry-weight basis) was weighed into a beaker and sterilized 
in an autoclave to destroy nitrifying/denitrifying bacteria. The 
experiment was conducted immediately to avoid or at least minimize 
bacterial contamination of the sterilized soil. An 1800-gram portion of 
a 350 mg/L NO3-N solution was completely mixed with the sterilized soil. 
The soil solution mixture was then allowed to settle and the clear 
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portion was decanted, some of which was used for soaking the 15-bar 
plate. Weight of the remaining slurry portion was recorded. 
The 15-bar plate was soaked overnight; a cover was used to avoid 
evaporation. Weight of the plate before and after soaking was recorded. 
With the plate fixed in position in the chamber of the pressure 
apparatus, the slurry was spread over the plate (about 1.5 cm thick). 
Excess slurry remaining in the beaker was oven-dried for at least 24 
hours at 105° C so that the dry weight of soil on the plate could be 
calculated. 
Increasing pressures of 200, 300, 500, 800, 1200, 1500, 2000, 3000, 
5000, 8000, and 9500 cm of water were applied to the chamber. Effluent 
from the chamber was collected in a covered Erlenmeyer flask during each 
pressure application. Solution collected was removed and weighed when 
the equilibrium condition was attained (usually within 24 hours of 
changing the applied pressure). The concentration of NO3-N in the 
effluent was later determined in the chemistry laboratory. 
Soil and Effluent Analyses 
As discussed later, the final gravimetric moisture content of the 
soil on the plate was determined by oven-drying a portion. This value 
and the weights of the extracted solution were used to compute the soil 
moisture retention value at each pressure. 
Analysis for NO3-N remaining in the soil required an extraction 
procedure which involved mechanical mixing of a soil sample of known 
weight with demineralized water (about 1 to 1.5 soil to water ratio). 
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Mechanical mixing of the soil sample was accomplished with a magnetic 
stirrer that was run for about an hour. The stirred solution was covered 
and allowed to settle overnight. A portion of the water extract from the 
soil sample was decanted and centrifuged for about 20 minutes. A clear 
portion of the centrifuged extract was transferred into a test tube and 
stored in a cooler for later NO3-N analysis. The soil left in the 
centrifuged tube was returned to the beaker. The soil sample in the 
beaker was then oven-dried for at least 24 hours at 105° C to determine 
the original gravimetric moisture content. 
Determinations of NO3-N were performed using the cadmium reduction 
method (APHA, 1985) and the Technicon Auto-Analyzer II system, in which 
the output signals were fed into a Commodore PET microcomputer programmed 
to compute the concentration of the sample in mg/L (ppm). The Technicon 
Auto-Analyzer system uses a continuous flow of sample segmented by air 
bubbles. It consists of a sample tray'which holds 40 sample vials; a 
pump which pumps unknown samples or NO3-N standards, rinse water, 
reagents, and air in the right proportions; a manifold where conversion 
of NO3-N into NO2-N, mixing with reagents, and color formation take 
place; and a colorimeter that reads and converts the absorbance of light 
by the colored solution formed into an electrical voltage signal. The 
voltage reading is then directly related to the NO3-N concentration of 
the sample. 
The procedure for NO3-N analysis involved instrument calibration 
using eight prepared NO3-N standards (0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 
1.75, and 2.0 mg/L). After calibration, unknowns (soil or pressure 
39 
extract samples) were run in groups of 12 to 15 immediately preceded and 
succeeded with 1.0 mg/L standard. Correction for drift in instrument 
response with time were made using the results of the 1.0 mg/L standards. 
Dilution of the unknown samples was often required to reduce the 
concentration to the working range of the colorimeter (0.1 to 2.0 mg/L). 
Calibration curve relating NO3-N standard concentrations with the 
corresponding voltage readings, and computations of the sample 
concentrations were performed by the microcomputer. 
The auto-analyzer system could run 20 samples an hour. It gave a 
sensitivity of 0.7 absorbance at 520 nm wavelenght for the 2.0 mg/L 
NO3-N, and an expected accuracy of ± 5%. 
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RESULTS AND DISCUSSION 
Table 1 provides data on the effects of applying an increasing air 
pressure (or soil moisture tension) on moisture retention and NO3-N 
removal from the soil. Total NO3-N amounts in column 5 of Table 1 were 
computed by multiplying the concentration (column 4) by the corresponding 
amount of water drained (column 3). Calculations of moisture and NO3-N 
mass balances showed that the amount of moisture accounted for after the 
pressure plate experiment was completed equalled 99% of that at the 
beginning; for NO3-N, the corresponding value was 97%. These were within 
experimental error and agreement for the amount of NO3-N would seem to 
indicate that possible denitrification was not a factor. 
The range of NO3-N concentrations observed in the extracts was from 
252 (at 9500 cm of water tension) to 365 mg/L (at 0 cm of water tension), 
with an average value of 288 mg/L. • This average concentration, which was 
also the bulk solution concentration of the slurry, was only observed at 
3000 cm of water tension; at lower tensions, concentrations were higher, 
and at higher tensions, concentrations were lower. 
The data illustrate the ease at which the removal of water occurred 
with 32.2% of the total water in the slurry, containing 34.9% of the 
total NO3-N, being removed after applying 500 cm of moisture tension. At 
the equivalent field capacity of the soil (300 cm of moisture tension), 
16.5% of the total water containing 18.2% of the total NO3-N was drained. 
Only 25.8% and 24.3% of the total moisture and total NO3-N respectively. 
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Table 1. Soil moisture, tension and NO3-N data after soil-water 
extraction 
S.M. tension Soil m.c. H2O drained NO3-N in Tot. NO3-N drained 
cm water % by wt. g (% cummul,) drain, mg/L mg (% cummul.) 
0 49.1 0.0 ( 0.0) 364.8 0,00 ( 0.0) 
200 46.7 25.9 ( 4.8) 346.9 8:98 ( 5.7) 
300 41.0 61.7 (16.5) 316.1 19.50 (18.2) 
500 33.3 83.6 (32.2) 311.8 26.07 (34.9) 
800 30.4 31.2 (38.1) 307.4 9.60 (41.0) 
1200 28.0 26.8 (43.1) 303.1 8.12 (46.2) 
1500 25.1 30.4 (48.8) 297.8 9.05 (52.0) 
2000 22.2 31.9 (54.8) 291.8 9.31 (57.9) 
3000 18.9 35.8 (61.6) 288.1 10.31 (64.5) 
5000 16.1 30.2 (67.3) 270.9 8.18 (69.8) 
8000 14.2 19.9 (71.0) 260.2 5.18 (73.0) 
9500 12.7 17.0 (74.2) 255.0 4.34 (75.7) 
137.1 (25.8)8 252.4* 34.58 (24.3)' 
Total 531.0(100.0) 153.20(100.0) 
Mean 288.2 
A^mount (percentage) left in the soil. 
were retained in the soil after applying a maximum tension of 9500 cm of 
water. 
For any given soil moisture tension applied, the percentage moisture 
drained was lower than the total NO3-N drained. The higher rate of NO3-N 
withdrawal was attributed to higher concentrations in extracted water 
compared to the NO3-N concentrations in water retained in the soil. 
Decreasing NO3-N concentrations in the extract with increasing soil 
moisture tension can also be interpreted as decreasing retention of NO3-N 
ions in the soil solution left in the soil during the moisture desorption 
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process, in effect an ionic exclusion which also means an increasing 
NO3-N concentration in the solution with distance from the soil particle 
surface. 
This increasing trend in NO3-N concentration with distance from the 
soil surfaces suggests that NO3-N ions were not adsorbed at the soil 
surfaces. Therefore, it is possible that the exclusion of anions could 
enhance movement of NO3-N up into the root zone during an upward movement 
of liquid phase moisture. On the other hand, it could aggravate the 
problem of NO3-N leaching during drainage. 
Figures 1 and 2 show data and fitted curves for extraction of water 
and NO3-N from the study soil. Figure 1 shows the inverse relationship 
between soil moisture content and tension with the data fit to a power 
curve of a form often used. Figure 2 shows NO3-N concentrations in 
extracts in relation to both soil moisture tension and content. Both 
plots show large changes in NO3-N concentrations for moisture contents 
above field capacity (<300 cm of moisture tension), with smaller changes 
occurring with decreasing moisture content below field capacity. The 
relationship between NO3-N concentrations and soil moisture tension 
(Figure 2) is similar to the soil moisture versus tension curve for 
moisture contents below field capacity. Larger concentrations above 
field capacity (<300 cm of moisture tension) indicate that there is a 
potential for initially more rapid removal of NO3-N through relatively 
higher concentrations in the soil solution that drains first. The 
equations for the fitted curves in Figures 1 and 2 are of the forms 
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8 -3.61 
ST = 1.64 X 10 (MC) 
1 ' I ' 1 ' t ' I ' I ' I ' I ' I 
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% MOISTURE CONTENT (BY WT.) 
Figure 1. Soil moisture tension versus moisture content 
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SOIL MOISTURE TENSION, CM HgO x 100 % MOISTURE CONTENT (BY WT.) 
Figure 2. Nitrate concentration in drained water from the soil after applying different 
levels of air pressure 
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-b 
f = k^ (6) (1) 
—b 
c = kgCr)  ^ T > 300 (2) 
C = (r) r < 300 (3) 
where k^  = 1.64 x 10® 
kg = 494.7 
kg - 367.9 
k, =0.152 
b =3,61 
T 
b — 0.0706 
c 
T => soil moisture tension, cm of water 
6 — moisture content, % by weight 
C =• NO3-N concentration of the mobile solution, mg/L. 
To obtain the functions that relate concentration with moisture 
content, equation 1 was substituted into equations 2 and 3 to get 
-b b b 
C = kgCk^) 4 < (4) 
or C = 132.5 9  <  8 ^ ^  (4a) 
—b 
and C = kg + k^ k^  (r)  ^ g > 9^  ^ (5) 
or C = 367.9 + 2.5 X 10^  (O)"^  61 g > 9^  ^ (5a) 
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where 0^  ^= moisture content of the soil at field capacity, % by weight. 
Equations 2 through 5a, with the coefficients determined by curve 
fitting, are applicable only to the soil under study and to the 
particular conditions of the experiment. However, the forms of the 
equations could possibly be applied to field conditions. Knowledge of 
the soil moisture retention and the "anion exclusion concentration" 
curves for a given type of soil would be needed. 
A more general form of equations 1 to 3 can be presented, if the 
bulk solution concentration, saturation moisture content, and air entry 
value of a given soil are known. This is done by normalizing equations 1 
to 3. The functional relationships assume that soil moisture moves only 
in the liquid phase. Let 
C^ - bulk solution concentration, mg/L 
air entry value (which is equivalent to the capillary rise 
of a given soil), cm of water. 
-b 
Thus r/Te - (g/*g) (6) 
-b 
C/C^  - (T/T^ ) " r > 300 (7) 
and 
C/C^  = m + n(r/T^ ) r < 300. (8) 
Substituting equation 6 into equations 7 and 8 gives 
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bfbc 
C/Cg - \ e < 6^  ^ (9) 
and 
—b 
C/C^  - m + n(0/e^ ) T  ^- ^ fc (10) 
where m, n, b^ , - coefficients of the fitted curves. 
Equation 7 is of a form similar to the well-known soil moisture 
retention curve in equation 6 developed by Campbell (1974). Comparison 
of equations 1 and 6, 2 and 7, and 3 and 8 yields 
—b 
ki = fg/(fg)  ^ = 1.64 X 108 (11) 
—b 
kg - - 494.7 (12) 
kg - m C^  - 367.9 (13) 
k n C g - 0.152 (14) 
Equations 7 to 10 are the preferred form of relationships describing 
the concentration of the mobile solution as a function of soil moisture 
tension or content for a given type of soil conditions. Equations 9 and 
10 are alternate forms of equations 7 and 8, if one prefers to use 
moisture content instead of soil moisture tension. 
A factor kg, introduced into equation 7, is somewhat similar to the 
distribution coefficient described by Berg and Thomas (1959). It 
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indicates the degree of "exclusion" or "attraction" of an anion to the 
soil surface. A kg equal to one would be interpreted as indicating no 
anion attraction to the soil, while a value greater than one would 
indicate anion attraction to the soil. This factor can be evaluated 
using equation 12 if the air entry value of a particular soil is given. 
In this study, it is difficult to determine the value of k^  because the 
air entry value and the saturated soil moisture content are unknown. 
Total NO3-N (A) remaining in the soil layer after a time increment 
(dt) would be 
A - C V - C + C. Q. 
o w out out in^ xn (15) 
The new bulk concentration Cy in the layer becomes 
Cb - A/(V„ + Q.„ - (16) 
where V = initial volume of moisture in the layer 
w 
- incoming (outgoing) liquid moisture after dt 
C. (C ) = incoming (outgoing) concentration of the mobile in out 
water. 
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SUMMARY 
An anion exclusion experiment was conducted in the laboratory using 
a pressure plate extraction apparatus where a NO3-N treated sterilized 
soil slurry was subjected to successively increasing soil moisture 
tensions up to 9500 cm. The objective was to evaluate if anion exclusion 
is important in solute movement with water in the liquid phase and to 
determine the relationship between soil moisture tension, moisture 
content, and NO3-N concentration of the mobile solution (extract). 
Extracts collected showed a sharp decline in NO3-N concentration as 
soil moisture decreased from saturation to soil field capacity (300 cm of 
moisture tension), and continued to decrease, but at a slower rate, as 
soil moisture was further decreased. Highest and lowest concentrations 
observed in the extracts were 27% higher and 12% lower than the bulk 
solution concentration, respectively. 
The decreasing trend of NO3-N concentration in the soil solution 
toward the soil particle surfaces (or increasing concentration with 
distance from the soil surfaces) indicated that ionic exclusion could 
enhance NO3-N movement up into the crop root zone during upward liquid 
moisture movement, or could enhance leaching below the root zone during 
drainage. Total NO3-N loss from the soil slurry was largely dependent on 
the volumes of soil solution extracted at all tensions. 
About 1/5 of the total NO3-N was lost after draining the slurry to 
the soil field capacity, and only 1/4 of the total NO3-N remained in the 
soil after applying a soil moisture tension of 9500 cm. 
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Concentrations of NO3-N in extracts were inversely related to soil 
moisture tensions in a manner similar to the soil moisture content versus 
tension data for unsaturated soil moisture conditions. For soil with 
moisture content above its field capacity, the relationship between the 
concentrations of the extract and soil moisture tension (or content) was 
roughly linear. 
A study on anion exclusion from the soil solution using a bulk or 
undisturbed soil sample rather than using a soil slurry is recommended in 
order that application of the derived equations can be meaningful under 
field conditions. 
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PART II. SOIL MOISTURE AMD NO3-N M0VE3ŒNT 
UNDER FREEZING CONDITIONS; 
A LABORATORY STUDY 
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ABSTRACT 
Application of freezing conditions to the surface of vertical, 
homogeneous soil columns resulted in movement of moisture and NO3-N from 
the unfrozen zone toward the freezing zone of the columns. The amount of 
moisture and NO3-N that moved increased with increasing available soil 
moisture and duration of freezing conditions. Accumulation of NO3-N in 
the frozen zone was as high as 75 kg/ha after one day and about twice 
that after 10 days of surface freezing of soil columns supplied with a 
constant supply of NO3-N solution at 350 mg/L. Accumulation of moisture 
and NO3-N in the frozen zone was not as great, if the surface temperature 
was not as cold. Accumulation was lowest in the soil columns with the 
lowest moisture content and where vapor phase flow became favorable. The 
study revealed that as long as liquid phase flow occurred in the soil, 
exclusion of anions enhanced transfer of NO3-N into the upper zone. 
Therefore, surface freezing could have a potential advantage in the 
recovery of some NO3-N already leached from the root zone. 
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INTRODUCTION 
When surface soil is subjected to freezing temperatures, changes in 
moisture and solute distribution in the soil profile can take place. Of 
interest to the crop producer is the potential moisture and NO3-N 
recovery due to surface freezing. However, there is also the potential 
for increased NO3-N leaching during a thaw. 
Freezing of a soil occurs when the surface is exposed to air at 
temperatures below freezing. Heat in the soil and water and the latent 
heat of fusion of the soil water is released to the air as the upper part 
of the soil freezes, resulting in a temperature gradient through the 
profile. Freezing proceeds from top downward as heat from the lower soil 
layers continues to move upward. This freezing phenomenon is observed in 
temperate regions during winter. 
As the soil water freezes, small ice crystals form in the soil pore 
spaces. Since ice crystals freeze out of a solution in a pure state, all 
soluble salts are forced into the unfrozen water films and may form 
relatively concentrated brines (Gary and Mayland, 1972). Since the vapor 
pressure of ice is less than that of liquid water at below freezing 
temperatures, water will continue to crystallize from the solution until 
the combined osmotic and matric forces reduce the solution's vapor 
pressure to that of the ice (Hoekstra, 1966; Low et al., 1968). Under 
non-Isothermal conditions which include freezing conditions, soil water 
moves from warmer to cooler zones. While some of the movement iis in the 
vapor phase, most of the flow is usually in the unfrozen films (Hoekstra, 
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1966; Benz et al., 1968). Soluble NO3-N ions, therefore, can also move 
from warmer to cooler areas in the frozen soil. 
The purpose of this study was to investigate some of the mechanisms 
involved in moisture movement in the frozen and unfrozen zones in 
homogeneous soil columns under continuous freezing conditions, 
particularly related to the upward movement of NO3-N. Relative 
importance of vapor phase movement to that of liquid phase flow on the 
upward movement of moisture and NO3-N at different initial soil moisture 
contents and durations of surface freezing was determined. The 
importance of anion exclusion from the soil solution on NO3-N movement 
was also evaluated. 
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MATERIALS AND METHODS 
The experiment was conducted in a controlled temperature room of the 
chemistry laboratory of the Agricultural Engineering Department at ISTJ 
from February to March, 1986. 
Sets of three closed columns at different initial moisture contents 
(10, 18, and 25% by volume) and one open column with a constant water 
table at the bottom were each subjected to three different freezing 
periods (1, 10, and 30 days). Each of the treatments was replicated 
twice, resulting in the need for 24 soil columns. A dry ice-acetone bath 
was used to create freezing conditions at the top the soil column. 
Preparation of Soil Columns 
Top soil (Clarion-Nicollet loam) from a fallow portion of Field 5 at 
the Agronomy-Agricultural Engineering Research Farm in Boone County, Iowa 
was collected, air dried, and sieved using a 2.2 mm mesh sieve. This 
soil consists of 47% sand (2-0.05 mm), 30% silt (0.05-0.002 mm), 23% clay 
(<0.002 mm), and 4,3% organic matter (Unlu, 1984; USDA, 1984). Air-dry 
soil moisture was about 9% by weight and the NO3-N content of the 
existing soil solution was found to be 360 mg/L. 
Polyethylene plastic film (0.15 mm thick) was cut to form 7.6 cm 
diameter x 44 cm long tube liners with tug ends. Weather resistant 
polyethylene tape was used to join the sides, and rubber bands used to 
tie the ends of the liner. Each tube liner was packed with 2700 g of 
sieved air-dry soil to the 44 cm height, obtaining a bulk density of 
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about 1.2 g/cc. To increase the uniformity of packing throughout the 
column height, the sides and bottom of the tube were tapped during 
packing. The tube was inverted and tapped in similar manner, making the 
packed soil more homogenous throughout the column. The soil filled liner 
was slid into a 7.6 cm diameter x 45 cm long polyvinyl chloride (PVC) 
pipe casing resulting in a snug fit. 
Using a plastic liner provided a convenient way of injecting 
solution, and for removing and cutting the partially frozen columns into 
sections at the end of a run for later analysis. Except for the air-dry 
soil treatment, all soil columns were injected with a 360 mg/L NO3-N 
solution. Injection of the solution was done using a six-channel 
electronic injector with 0.15 cm diameter x 7.5 cm long syringe needles 
to bring the soil moisture content to the desired level. To assure rapid 
moisture redistribution, injections were made at close intervals of about 
1 cm apart. Weighing the column before and after injection gave the 
exact amount of solution added and thus, the final moisture content. 
Column or soil column as defined here, refers to the homogeneous soil 
pack in the plastic liner and the PVC pipe casing under study. 
The 30-day freezing treatment columns were each fitted with eight 
thermocouples to measure the soil temperature at 1, 3.5, 6, 10, 16, 20, 
30 and 40 cm from the surface. Each thermocouple tip was poked through a 
hole drilled in the PVC pipe and through the plastic liner into the 
center portion of the soil column. The holes were then sealed with 
silicon sealant. For columns treated with a water source, the bottoms 
were sealed, then an access hole was drilled in the pipe right above 
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where water level was to be maintained. The hole was fitted with 
flexible tubing with the inside end bent down to the bottom of the pipe 
while the outside end was connected to the water supply. The plastic 
liner below the water table level was poked with holes to allow water 
passage into the soil. 
Experimental Set-up 
A one-liter plastic bottle with its neck removed, having a diameter 
equal to the PVC pipe, was placed on top of each soil column. This 
served to hold the dry ice-acetone bath producing the freezing 
conditions. The temperature of dry ice-acetone bath was about -65° C. 
The entire length of the bottle and pipe was then insulated with a 7.5 cm 
inside diameter x 72 cm long fiberglass pipe insulation tube to minimize 
transverse heat transfer. The top of the hollow insulation tube was 
fitted with an 18-cm long styrofoam plug. 
For the open columns, a 20-liter plastic container filled with 
360 mg/L NO3-N solution supplied liquid to the columns with the bottoms 
immersed in solution. Two plastic tubes were connected from the supply 
tank to an Erlenmeyer flask. The first tube was to supply solution to 
the flask, and the other, an air tube, was to maintain a constant water 
table in the flask. The flask delivered the solution through a plastic 
tube to the soil column such that liquid levels in the flask and in the 
column were maintained at the same height. Figure 1 is a schematic 
diagram showing the cross-section of an open column set-up. 
0. cm 
air-tight 
solution 
tank 
dry-ice acetone bath 
10.0 
- thermocouples 
16.0 
20.0 
soil column 
Ln 
00 
fiberglass insulation 
40.0 
water table 
Figure 1. Diagram showing a cross-section of an open soil column set-up 
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Before freezing conditions were applied, the columns supplied with 
solution were allowed to soak at the designated water table level for at 
least two days, or until moisture equilibrium was attained. 
Thermocouple wires were hooked to a 100-channel Campbell CRTS 
digital recorder to monitor the soil temperature every 0.5 to 6 hours. 
Two thermocouples were placed in the air to measure the room temperature. 
Because of limited space, eight columns were set up at a time. The 
first eight columns studied were for the 1-day freezing treatment, 
followed by the 10-day freezing treatment, and last, by the 30-day 
freezing treatment. The weight of each column was recorded before and 
after freezing to determine the total amount of water that migrated into 
the column as a result of freezing for the open columns, or to determine 
if the moisture in the column was preserved for the closed columns. 
Dry ice in an acetone bath was used to create freezing conditions at 
the top of the soil column. To maintain freezing conditions early in a 
run, about 650 grams of dry ice were added twice a day per column; 
however, from 20 to 30 days of freezing, dry ice was added only once a 
day. Temperature readings were recorded every half hour for the first 
5 hours of freezing and four times a day thereafter. 
Sampling and Soil Analysis 
The columns were dismantled immediately after the termination of 
freezing. This was done by removing the insulation, thermocouples, and 
pulling the plastic liner containing the soil from the pipe casing, using 
its tug end. Weight and depth of frost penetration in each column were 
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noted. A steel band saw was used to cut the frozen soil columns into 
4-cm long sections. Each section was stored in a coded plastic bag and 
sealed for storage in a cooler, for later moisture and chemical analyses. 
The moisture content at saturation for the soil used was determined 
in the laboratory. This was done by slicing three undisturbed portions, 
8-cm long, from one of the prepared soil columns in its plastic liner. 
Each replicate sample was inserted into an 8-cm high PVC pipe with a 
shallow metal cap, 0.5 cm depth, at the bottom to hold the soil in place. 
Small amounts of water were added into the bottom cap to allow soil 
soaking. When the top soil of the column became saturated by upward 
movement of water from the bottom, the entire column set-up was weighed 
after the excess water in the cap was removed. The three samples were 
weighed after oven drying to determine the saturation moisture content. 
The average value was 42% on the volume basis. 
The procedures for soil moisture and chemical analyses were 
discussed in the procedure section of the anion exclusion study (Part I). 
Data Analysis 
Moisture content, expressed on a percentage volumetric basis, was 
determined by multiplying the percent gravimetric moisture content of a 
soil layer by its bulk density (1.2 g/cm^ ). The total NO3-N, in mg, in 
each 4-cm layer was calculated by multiplying the total amount of 
moisture (expressed in liters) in a soil layer volume, having a cross-
sectional area equal to a circle 7.6 cm in diameter, and 4 cm in 
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thickness by its NO3-N concentration (expressed in mg/L). Average values 
for the two replicates for each layer were computed. 
Percent moisture gain/loss in each layer over a treatment period was 
computed by the equation given as 
% gain/loss - (9^  - x 100 (1) 
where 8^  and âf are the initial and final moisture contents. 
Percentage gain/loss in the NO3-N concentrations and amounts were 
computed in similar manner. The equivalent cm depth, d, of moisture 
gain/loss by a soil layer of thickness D was determined from 
d - Dfgg - 0^)/lOO (2) 
Average temperature gradients, expressed in °C/cm, were computed for 
the frozen zone and for the unfrozen zone in the soil profile at the time 
of sampling. The frozen zone is defined here as the depth of the frozen 
layer from the surface to the last sublayer at 0° C. To determine the 
average temperature gradient in the frozen zone of the soil profile, the 
surface temperature (1 cm from the soil surface) was subtracted from the 
temperature of the warmest frozen layer, and the result was divided by 
the distance between these two points. The average temperature gradient 
for the unfrozen zone was computed by dividing the difference between the 
temperature readings in the coldest unfrozen layer and the bottom layer 
by the distance between these two points. Temperature gradient was used 
to determine the vapor flow rate in the frozen zone to the top layer. 
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The re-distribution of moisture, NO3-N concentrations and NO3-N 
amounts can give a good indication which phase of water, liquid or vapor, 
dominated moisture movement. An increasing NO3-N concentration in the 
soil solution left behind during moisture desorption would indicate that 
vapor phase flow was significant in the transfer of moisture. However, 
an increase in NO3-N concentration brought about by anion exclusion at a 
point of soil moisture content increase (adsorption) would indicate 
dominance of liquid phase flow. Since movement of solute takes place 
only with the liquid phase, then the average liquid flow q^  (cm/day) 
across the nth layer of the unfrozen zone of the soil column (counting 
from the bottom) can be estimated by 
. .J s (3) 
"1 at U (C; c + 
where C is the bulk solution concentration (mg/cm^ ), A is the total NO3-N 
(mg), a is the cross-sectional area of the soil column (cm^ ), t is the 
time from initial time, to=0, and (C^  % + is the average of the 
initial and the final NO3-N concentration in layer i. It was assumed 
that a mobile liquid carried solute in bulk concentration, and that anion 
exclusion was not a major factor. Bulk concentration is the measured 
average concentration of the soil solution in a layer. The total 
moisture flow (vapor + liquid) q^  (cm/day) across the nth unfrozen soil 
layer of thickness D (cm) would be 
Si - » 5.1 W 
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Vapor phase flow q-^  across a layer therefore would be the difference 
between the total flow q^ - and the estimated liquid phase flow q%, or 
qv - qi - qi-
A determination of the movement of vapor in the frozen soil 
following the procedure used by Hoekstra (1966), was attempted. He 
envisioned the vapor movement in the frozen zone to be analogous to the 
vapor flow in the unfrozen layer. The approximate magnitude of vapor 
phase flow in the frozen zone can be evaluated from Pick's law using the 
equation (Dorsey, 1940) 
d/9 
where q^  is the vapor flow in the z direction (g/cm^ -sec), Dy is the 
molecular diffusivity of water vapor in air (cm^ /sec) and PQ the 
saturated vapor density (g/cm^ ). 
For vapor movement under nonisothermal conditions, equation 5 has 
been written by Philip and DeVries (1957) in the form 
dp dT 
IT 
where T is the temperature, °C. 
Hoekstra (1966) evaluated equation 6 and arrived at magnitudes of 
vapor movement comparable to results from vapor diffusion equations 
derived from irreversible thermodynamics (Gary, 1963). For vapor 
transport in a frozen soil is the saturated vapor density of ice, and 
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dpo/dT — 1.5 X 10"7 g/cm^-°C (Dorsey, 1940, p. 601) for the temperature 
interval (0 to -30°C) . This covers the range observed in the frozen 
layer of the columns used in this study. At this temperature range, 
can be taken as approximately 0.2 cm^ /sec (Philip and DeVries, 1957). 
Equation 6 then becomes 
q^  - -(3.0 X 10"®) dT/dz (7) 
This equation neglects the effects of tortuosity and porosity of the soil 
that would decrease the vapor transport. Hoekstra (1965) expected the 
calculated value for from equation 6 not to differ by more than a 
factor of 2 or 3 from the true value in soil. 
All average values for temperature, moisture content, NO3-N 
concentration, and total NO3-N are tabulated and plotted at mid-point 
depth of the 4-cm layers throughout the height of 44 cm. Recorded 
surface temperatures are also included in the tables and in the plots. 
Soil surface temperature, or simply surface temperature as referred to 
here, is the temperature in the soil column at the 1-cm depth. 
Slight increases in NO3-N concentration with reference to the 
initial value (360 mg/L) that were observed in all soil columns may have 
been due to biological nitrification in the unfrozen layers where 
temperature was above 2° C. It is also possible that the measured 
increases were a result of experimental error(s) during the preparation 
of the soil columns, sampling, and/or chemical analysis. Increases in 
total NO3-N in the 10.2, 17.8 and 25% moisture content treatments were 
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1.0% (0.7 mg) , 5.3% (6.38 mg), and 13.2% (21.49 mg), respectively, after 
30 days of freezing. Except for the 25% moisture content treatments 
sampled after 30 days of freezing, the errors or increases in total NO3-N 
in all columns were less than an experimental error of 10% that might be 
expected. 
A correction was made for all closed columns studied so that a NO3-N 
mass balance in the soil column before and after freezing was maintained. 
The correction was made on the assumption that increases in the total 
NO3-N present were likely due to biological nitrification. Anderson 
(1960) and Anderson and Purvis (1955) found in their laboratory 
experiments that ammonium nitrification was negligible at 2 "C after 
12 weeks of incubation. It was therefore assumed that microbiological 
activity ceased in the frozen soil, and that the production of NO3-N may 
have occurred only in the unfrozen layers where temperatures were above 
0 °C. 
Since the rate of nitrification increases with temperature 
(Bartholomew and Clark, 1965), a linearly increasing correction was made 
beginning in the layer where the lowest concentration value (usually at 
or near the unfrozen-frozen interface or freezing layer) was observed 
down to the bottom layer, at an increasing rate. The correction was made 
by first assigning weighted values to the unfrozen layers, with 1 
assigned to the first layer immediately below the layer where the lowest 
concentration value was observed, 2 to the next sublayer, and so on, down 
to the bottom layer. The total weights were added. The corrected NO3-N 
amount in a given layer was calculated by subtracting the measured amount 
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of NO3-N by the product of the ratio (assigned weight/total weights) and 
the total NO3-N increase in the column. The corrected NO3-N 
concentration in a layer was then computed by dividing the corrected 
NO3-N amount (mg) by the volume of moisture (expressed in liters). 
In the open columns the presence of excessive water (at or near 
saturation) in the bottom soil layers of the column may have also 
enhanced denitrification (Bremner and Shaw, 1985). Increase in total 
NO3-N in the upper layers of the columns, possibly due to nitrification, 
was observed as well. However, no corrections were made for these 
columns. 
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RESULTS 
Results are presented according to column treatments, that is, 
closed and open columns, initial moisture contents and duration of 
freezing, followed by discussion of results. 
Closed Columns 
Soil columns initially at 10.2% moisture content 
Figures 2, 3, and 4 (Tables 1 and 2) show the effects of the 
duration of freezing conditions at the surface of closed columns on 
temperature, frost penetration, moisture content, NO3-N concentration, 
and total NO3-N distribution for the treatment initially at the air-dry 
moisture content of 10,2%. 
One-day freezing The temperature as measured by the thermocouples 
at the 1-cm depth in the column surface dropped to 0° C after 45 minutes 
of surface freezing with dry ice, and further dropped to -33° C after one 
day of freezing (Figure 2). The bottom temperature (at 38 cm) was 17.7° 
C as the frost penetrated the soil to about 10 cm (Figure 3). The 
temperature gradients in the frozen and unfrozen zones at the time of 
sampling were 3.6 and 0.5° C/cm, respectively. 
No significant change in the distribution of soil moisture and NO3-N 
was observed in the column after one day of freezing (Figure 4 or 
Table 1). 
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Figure 2. Temperature as a function of time at indicated depths during 
freezing for soil columns initially at 10.2% moisture 
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Figure 3. Frost penetration in soil columns during freezing for 
soil columns initially at 10.2% moisture 
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Table 1. Effect of surface freezing on temperature, moisture content, 
and NO3-N distribution in the closed soil columns with soil 
initially at 10.2 percent moisture 
Depth Freezing duration, days 
0 1 10 30 0 1 10 30 
cm Temperature^ , °C % Moisture content (by vol.) 
1.0 22.0 -33.0 -32.4 -20.7 
2.0 22.0 -29.1 -28.9 -17.6 10, .20 9, ,81 10, ,33 12, ,03 
6.0 22.0 -14.3 -15.8 -7.1 10, ,20 10, .17 10, .34 13, ,16 
10.0 22.0 -0.4 -5.0 -3.7 10, ,20 10, ,22 11, ,13 11, ,67 
14.0 22.0 4.7 1.0 4.8 10. ,20 10, ,34 10. ,63 9, ,35 
18.0 22.0 9.8 7.0 11.5 10. 20 10. ,17 10. ,03 8. ,95 
22.0 22.0 13.2 10.8 14.8 10. ,20 10. ,10 • 9. ,88 9, ,10 
26.0 22.0 14.7 12.6 16.3 10. ,20 10, ,15 9. ,89 9. ,27 
30.0 22.0 16.2 14.4 17.8 10. 20 10. 30 9, 91 9. ,49 
34.0 22.0 16.7 15.2 18.4 10. ,20 10. ,31 9. ,96 9. ,52 
38.0 22.0 17.2 15.9 19.0 10. 20 10. 31 10. 05 9. ,53 
42.0 22.0 17.6 16.7 19.5 10. 20 10. 32 10. 05 9. 55 
NO3-N Cone., mg/L Total NO3-N, mg 
2.0 360 .0 379 .8 393 .1 291.2 6 .66 6 .76 7 .35 6. ,35 
6.0 360 .0 371 .9 357 .1 282.7 6, .66 6 .86 6 .69 6. ,75 
10.0 360, .0 360, .7 328, .3 329.5 6, ,66 6 .70 6 .62 6. 97 
14.0 360, ,0 347 .2 339, ,4 396.7 6, ,66 6 .52 6 .53 6. ,74 
18.0 360, ,0 355, ,6 358, ,6 411.0 6, ,66 6 .56 6, .52 6. 67 
22.0 360. ,0 359, ,1 365, ,0 403.2 6, ,66 6, ,58 6, 54 6. 65 
26.0 360. ,0 359, ,0 365, 8 395.1 6. ,66 6, ,62 6. 56 6. 64 
30.0 360. 0 354, ,8 366. ,6 385.9 6. 66 6. ,64 6. ,58 6. 63 
34.0 360. 0 355. ,7 366. ,0 383.7 6. 66 6, ,66 6. ,61 6. 62 
38.0 360. 0 357. 0 364. 1 382.5 6. 66 6, ,69 6. 63 6. 60 
42.0 360. 0 357. 9 364. 2 381.0 6. 66 6. ,70 6. 64 6. 60 
V^alues were interpolated for temperatures that were not measured 
at a given soil depth. 
71 
Table 2. Changes in moisture content, NO3-N concentration, and total 
NO3-N in the closed soil columns with soil initially at 10.2% 
moisture content^  
Freezing Soil Moisture NO3-N conc. Total N03-N 
period depth moved changed changed 
Days Cm % Gain/Loss Cm/day % Gain/Loss % Gain/Loss mg/day 
2.00 -3.73 -0.0152 5.50 1.65 0.110 
6.00 -0.20 -0.0008 3.31 3.15 0.210 
10.00 0.29 0.0012 0.19 0.60 0.040 
14.00 1.47 0.0060 -3.56 -2.10 -0.140 
18.00 -0.20 -0.0008 -1.22 -1.35 -0.090 
1 22.00 -0.88 -0.0036 -0.17 -1.05 -0.070 
26.00 -0.39 -0.0016 -0.28 -0.60 -0.040 
30.00 1.08 0.0044 -1.44 -0.30 -0.020 
34.00 1.27 0.0052 -1.19 0.00 0.000 
38.00 1.27 0.0052 -0.83 0.45 0.030 
42.00 1.30 0.0055 -0.06 0.60 0.030 
2.00 1.08 0.0004 9.19 10.36 0.069 
6.00 I.IS 0.0005 -0.81 0.45 0.003 
10.00 8.92 0.0036 -8.81 -0.60 0.004 
14.00 4.02 0.0016 -5.72 -1.95 -0.013 
18.00 -1.76 -0.0007 -0.39 -2.10 -0.014 
10 22.00 -3.24 -0.0013 1.39 -1.80 -0.012 • 
26.00 -3.04 -0.0012 1.61 -1.50 -0.010 
30.00 • -2.94 -0.0012 1.83 -1.20 -0.008 
34.00 -2.45 -0.0010 1.67 -0.75 0.005 
38.00 
-1.67 -0.0007 1.14 -0.45 0.003 
42.2 -1.67 -0.0007 1.14 -0.30 0.002 
2.00 17.84 0.0024 -19.11 -4,65 -0.010 
6.00 29.02 0.0039 -21.47 1.35 0.003 
10.00 14.31 0.0019 -8.47 4.65 0.010 
14.00 -8.24 -0.0011 10.19 1,20 0.003 
18.00 -12.35 -0.0017 14,17 0.15 0,000 
30 22.00 -10.78 -0.0015 12.00 -0.15 0,000 
26.00 -9.22 -0.0013 9.75 -0.30 0.001 
30.00 -7.16 -0.0010 7.19 -0.45 0.001 
34.00 -6.86 -0.0009 6.58 -0.60 0.002 
38.00 -6.67 -0.0009 6.25 -0.90 0.001 
42.00 -6.47 -0.0010 5.83 -0.30 0.001 
®Gain (+)/Loss (-) with reference to the initial conditions. 
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10-day freezing The temperature at the soil surface essentially 
remained constant after one day of freezing. After 10 days, the 
temperature gradients in the frozen and unfrozen zones were 3.0 and 
0.6° C/cm, while the frost depth was about 13 cm. 
There was a slight upward moisture movement from the unfrozen to the 
frozen zone as shown by the accumulation of moisture in the 8-16 cm 
layers (Figure 4 or Table 1). The maximum NO3-N concentration (393 mg/L) 
was decreased in the top layer, while the minimum concentration 
(328 mg/L) was observed in the 8-12 cm layer where the moisture content 
was a maximum. The increasing NO3-N concentrations in the top three 
layers of soil indicate possible exclusion of NO3-N ions from the soil 
solution that moved in the liquid phase. The upper half (20 cm) of the 
column gained 0.06 cm (2.7%) moisture and 0.4 mg (1.2% or 0.9 kg/ha; for 
reference, initially the columns contained 161 kg NOg-N/ha on an area 
basis) NO3-N. 
30-day freezing Temperature readings throughout the profile 
layers increased in the last 10 days of freezing due in part to reduction 
in efficiency of the lid insulation resulting from frequent ice 
refilling. Also, during this period dry-ice additions were done only 
once a day instead of twice a day. By the end of 30 days, the 
temperature at the soil surface and in the bottom layer became -20.7° and 
19.5° C, respectively. Temperature gradients in the frozen and unfrozen 
zones were 1.9 and 0.6° C/cm. 
The maximum NO3-N concentration increased significantly to a value 
of 411 mg/L as the moisture content decreased in the unfrozen soil; the 
73 
maximum value occurred just below the depth of frost penetration. On the 
other hand, the minimum NO3-N concentration, located in the frozen zone, 
decreased significantly to a value of 283 mg/L as moisture accumulated in 
the frozen soil after 30 days of surface freezing (Figure 4). This 
indicates that for the air dry soil, a significant amount of water vapor 
moved from the unfrozen layers, condensed and diluted the solution in the 
frozen zone. The comparison for the magnitudes of vapor and liquid phase 
movement calculated from equations 3 and 4, as well as the calculated 
temperature gradient in the unfrozen zone are shown in line one of Table 
3. Vapor flow was estimated to be about 16 times greater than the liquid 
flow in the soil moisture content range of 9.4 to 10.2%. 
Table 3. Estimated relative magnitudes of vapor and liquid phase flow in 
the unfrozen soil subjected to surface freezing for 30 days 
M. C. Temp. Temp. Flow rate, x 10-3 cm/day Vapor:liquid 
grad., 
% By vol. °C "C/cm Vapor Liquid Total ratio 
9 .4-10.2 14-19 0.263 5 .215 0 .316 5 .535 16.5:1 
15, ,0-17.8 12-18 0.381 13, .564 3 .230 16, ,794 4,2:1 
21, .9-25.0 13-19 0.381 0, .000 49 .190 49. ,190 0:1 
32, .2-44.7 6-19 1.181* 0. 000* 1519 .120* 1519, ,120* 0:1 
C^omputed for the frozen zone for one-day freezing period. 
Moisture migration in the frozen zone toward the top soil layer was 
observed from the 10th to the 30th day of freezing, and caused the 
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location of the maximum moisture content to move toward the surface. To 
estimate the amount of vapor movement in the frozen zone, the top 12 cm 
of the soil column of the 30-day treatment was considered, where a 
significant increase in moisture was observed. The temperature gradient 
across the frozen zone was 2.8 °C/cm, which was the approximate average 
gradient during the 30-day period. Equation 7 gives q-^  = -3.00 x 10"® 
(2.8)(30 X 24 X 3600) =0.22 g/cm^ , the calculated total vapor flow for 
the 30-day treatment. The average amount of moisture content actually 
gained in the top 12 cm of the column from an initial value of 10.2% was 
2.08% (or 0.0208 cm^ /cm^ , or - 0.0208 g/cm^ ). Thus, the total moisture 
gain by the 12 cm layer would be q^  - 0.0208(12) - 0.25 g/cm^ . The 
calculated and the actual values are about equal, indicating that a large 
part of the movement of moisture in the frozen zone was due to vapor 
phase flow. This would also confirm the qualitative information (such as 
the relative importance of vapor phase movement over that of the liquid 
phase movement) that can be deduced from the distribution curves of 
moisture and NO3-N concentrations and amounts. For example, the fact 
that no significant gain in total NO3-N was observed in the frozen zone, 
despite the increase in moisture content, would indicate that vapor phase 
moisture movement dominated. 
Soil columns initially wetted to 17.8% moisture content 
Figures 5, 6 and 7 (Tables 4 and 5) reflect the response of the 
duration of freezing conditions on the distribution of temperature, frost 
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soil columns initially at 17.8% moisture content 
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Table 4. Effect of surface freezing on temperature, moisture content, 
and NO3-N distribution in the closed soil columns with soil 
initially wetted to 17.76 percent moisture 
Depth Freezing duration, days 
0 1 10 30 0 1 10 30 
cm Temperature^ , "C % Moisture Content (by vol.) 
1.0 22.0 -26 .6 -25.3 -15.5 
2.0 22.0 , -24, .0 -22.9 -13.6 17.76 17, .53 17.47 18.46 
6.0 22.0 -14, .4 -14.8 -6.8 17.76 17, .42 17.74 19.78 
10.0 22.0 -3, .2 -4.5 1.4 17.76 17, .84 17.45 21.34 
14.0 22.0 1, .2 -1.3 4.7 17.76 18, .00 18.52 23.26 
18.0 22.0 6, ,3 3.6 8.7 17.76 17, 84 21.48 18.69 
22.0 22.0 10. 2 8.0 12.0 17.76 17. ,72 17.39 16.89 
26.0 22.0 13. ,3 10.4 15.0 17.76 17, ,70 17,19 15.58 
30.0 22.0 14. ,5 12.8 16.0 17.76 17, ,65 16.97 14.86 
34.0 22.0 15. ,7 14.1 17.0 17.76 17, ,81 17.04 14.62 
38.0 22.0 16. 9 15.4 18.1 17.76 17, .93 16.45 14.38 
42.0 22.0 17. 9 16.6 19.0 17.76 17. ,98 16.41 14.28 
NO3-N Concentration, mg/L Total NO3-N, mg 
2.0 360, .0 379, ,9 380.7 389, .1 11, ,60 12.10 12.07 13, .01 
6.0 360, ,0 382, ,2 381.4 354, .1 11, ,60 12.09 12.27 12, .69 
10.0 360, .0 374.7 382.5 331, .7 11, ,60 12.14 12.11 12, ,83 
14.0 360, ,0 356, ,8 359.3 247, ,3 11, ,60 11.66 12.07 10, ,43 
18.0 360. ,0 356, .8 293.8 315, .4 11. ,60 11.55 11.45 10, .69 
22.0 360. ,0 355, ,6 360.4 355, .5 11. ,60 11.45 11.37 10, ,88 
26.0 360. ,0 352. ,7 362.0 392, ,6 11. 60 11.34 11.29 11. ,08 
30.0 360. ,0 350. ,3 364.9 418, ,9 11. 60 11.23 11.21 11. ,27 
34.0 360. ,0 347, ,0 360.3 433, ,2 11, ,60 11.23 11.14 11. 47 
38.0 360. 0 344. ,7 370.6 448, ,0 11. 60 11.23 11.06 11. ,67 
42.0 360. 0 344. ,0 372.3 451.5 11. 60 11.23 11.08 11. ,69 
V^alues were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 5. Changes in moisture content, NO3-N concentration, and total 
NO3-N during freezing for closed soil columns initially wetted 
to 17.76% moisture content^  
Freezing Soil Moisture Concentration Total N03-N 
period depth moved changed changed 
Days Cm % Gain/Loss Cm/day % Gain/Loss % Gain/Loss mg/day 
2.00 -1.18 -0.0084 5.53 4.31 0.500 
6.00 -1.80 -0,0128 6.17 4.22 0.490 
10.00 0.56 0.0040 4.08 4.66 0.540 
14.00 1.41 0.0100 -0.89 0.52 0.060 
18.00 0.51 0.0036 -0.89 -0.43 -0.050 
1 22.00 -0.11 -0.0008 -1.22 -1.29 -0.150 
26.00 -0.28 -0.0020 -2.03 -2.24 -0.260 
30.00 -0.51 -0.0036 -2.69 -3.19 -0.370 
34.00 0.39 0.0028 -3.61 -3.19 -0.370 
38.00 1.07 0.0076 -4.25 -3.19 -0.370 
42.00 1.24 0.0080 -4.44 -3.19 -0.370 
2.00 -1.69 -0.0012 5.75 4.05 0.047 
6.00 -0.17 -0.0001 5.94 5.78 0.067 
10.00 -1.80 -0.0013 6.25 4.40 0.051 
14.00 4.22 0.0030 -0.19 4.05 0.047 
18.00 20.89 0.0148 -18.39 -1.29 -0.015 
10 22.00 -2.14 -0.0015 0.11 -1.98 -0.023 
26.00 -3.21 -0.0023 0.56 -2.67 -0.031 
30.00 -4.62 -0.0033 1.36 -3.36 -0.039 
34.00 -4.11 -0.0029 0.08 -3.97 -0.046 
38.00 -7.43 -0.0053 2.94 -4.66 -0.054 
42.00 -7.60 -0.0054 3.42 -4.48 -0.052 
2.00 3.77 0.0009 8.08 12.16 0.047 
6.00 11.20 0.0027 -1.64 9.40 0.036 
10.00 19.99 0.0047 -7.86 10.60 0.041 
14.00 30.80 0.0073 -31.31 -10.09 -0.039 
18.00 5.12 0.0012 -12.39 -7.84 -0.030 
30 22.00 -5.01 -0.0012 -1.25 -6.21 -0.024 
26.00 -12.44 -0.0029 9.06 -4.48 -0.017 
30.00 -16.50 -0.0039 16.36 -2.84 -0.011 
34.00 -17.85 -0.0042 20.33 -1.12 -0.004 
38.00 -19.20 -0.0045 24.44 0.60 0.002 
42.00 -19.60 -0.0046 25.42 0.76 0.003 
®Gain (+)/Loss (-) with reference to the initial conditions. 
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penetration, moisture content, NO3-N concentration, and total NO3-N in 
the closed columns initially at 17.8% moisture. 
Temperature readings were slightly higher than in columns with lower 
initial moisture. This could be expected because the additional water 
with its high heat capacity required transfer of more heat to reduce the 
temperature. 
One-dav freezing At the time of sampling, the surface temperature 
was -26.6° C while at the 38 cm depth the temperature was 17.9° C (Figure 
7 or Table 4). The frozen zone (13 cm depth) and the unfrozen zone had 
temperature gradients of 2.6 and 0.65° C/cm, respectively. 
No significant upward moisture movement was observed after one day 
of surface freezing. This may be expected because of the short duration 
of freezing and the counter-acting effect of gravity. As the temperature 
gradient increased and the surface soil froze, moisture would move upward 
only after overcoming the effect of gravity. 
The slight increase in the NO3-N concentration and amount in the 
frozen zone is puzzling because there was little or no moisture movement; 
it may just be due to experimental error. 
10-dav freezing Frost had penetrated the soil down to the 17-cm 
depth, which caused the temperature gradient to decrease to 1.85° C/cm in 
the frozen zone (Figure 5 and Table 4). The unfrozen zone temperature 
gradient had increased to 0.71° C/cm. 
Some soil moisture had moved upward and accumulated in the 12-20 cm 
layers after 10 days of surface freezing. The maximum moisture content 
of 21.5% was observed in the 16-20 cm layer, where the 0° C isotherm and 
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the minimum NO3-N concentration of 294 mg/L were located. The NO3-N 
concentrations and moisture contents in the top 12 cm of the column did 
not change significantly with an additional nine days of freezing, 
indicating that little or no moisture had moved into these layers. 
The slight increase in the NO3-N concentrations in the unfrozen 
layers may have been due to vapor movement upward to the 16-20 cm layer 
where vapor condensation caused dilution of NO3-N ions in that layer. 
The gains in moisture and NO3-N in the upper half of the column were 
0.15 cm (4.3%) and 1.97 mg (3.4% or 4.3 kg/ha), respectively. The gains 
were equivalent to flow rates of 0.015 cm/day and 0.2 mg/day. However, 
relative to the column sampled after one day of freezing, there were no 
changes in NO3-N amounts throughout the column. 
30-dav freezing The increase in the soil temperature in the last 
10 days of freezing caused the frost to recede to the 9-cm depth. At the 
end of the 30-day period, the temperature at the surface became -15.5° C, 
while at the 38-cm depth the temperature was 19.0° C. The temperature 
gradients in the frozen and unfrozen zones were 1.7 and 0.6° C/cm, 
respectively. 
Moisture vapor movement in the column became apparent at the end of 
the 30-day period, as shown by the opposite distribution patterns of 
moisture content and NO3-N concentration, that is, the depletion of 
moisture by evaporation from a soil layer tended to increase its solution 
concentration, whereas accumulation of moisture in the soil layer tended 
to decrease its concentration. The computed vapor to liquid flow ratio 
was about 4:1, indicating that vapor phase dominated the liquid phase 
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movement in the transfer of moisture toward the frozen zone (Table 3). 
In the frozen soil however, less moisture migrated toward the surface; 
however what moisture movement there was resulted in increased amounts of 
NO3-N in surface layers. 
After 30 days of surface freezing, the upper half of the column 
gained 0.5 cm (14.2%) moisture and 1.65 mg (2.8% or 3.6 kg/ha) NO3-N. 
The average flow rates of the moisture and NO3-N across the mid-section 
were 0.017 cm/day and 0.055 mg/day. 
Soil columns initially wetted to 25% moisture content 
Figures 8, 9 and 10 (Tables 6 and 7) show the effect of surface 
freezing on temperature, frost penetration, moisture content, NO3-N 
concentration, and total NO3-N in soil columns initially wetted to 25% 
moisture content. 
One-day freezing Frost began to appear on the soil surface after 
2 hours of freezing, and the frost zone penetrated the soil down to 14 cm 
by the end of the freezing period (Figure 9). Temperature at the surface 
and at the 38-cm depth continued to drop from 22° C initially to -24.5° C 
and 17.4, respectively, after one day of surface freezing (Table 6). 
Temperature gradients in the frozen and unfrozen zones were 2.3 and 
0.65° C/cm, respectively. Insignificant amounts of moisture and NO3-N 
moved upward and accumulated near or at the frozen-unfrozen interface. 
10-dav freezing Temperature at the surface essentially remained 
constant from the first day to the 10th day of freezing. However, the 
frost went down to the 16-cm depth, as the temperature at the 38-cm depth 
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Table 6. Effect of surface freezing on temperature, moisture content, 
and NO3-N distribution in the closed soil columns with soil 
initially wetted to 25.0 percent moisture 
Depth Freezing duration, days 
0 1 10 30 0 1 10 30 
cm Temperature^ , °C % Moisture content (by vol.) 
1.0 22 .0 -24.5 -24.8 -6. 2 
2.0 22 .0 -22.1 -22.7 -4. 9 24.96 26.20 26 .53 26 .98 
6.0 22.0 -12.4 -13.3 -0. 2 24.96 25.17 25 .20 31, 64 
10.0 22 .0 -3.9 -5.2 4. 9 24.96 25.83 25, .55 24, 41 
14.0 22, ,0 0.7 -1.9 8. 1 24.96 26.27 25, .94 24.03 
18.0 22, .0 5.5 1.9 11. 1 24.96 24.75 32, ,62 23. ,69 
22.0 22, ,0 9.1 5.6 13. 3 24.96 23.68 26, ,23 23. 78 
26.0 22, ,0 11.1 8.5 15. 0 24.96 24.08 21, .36 23. ,83 
30.0 22, ,0 14.1 11.5 16. 6 24.96 24.48 21, ,94 23. ,81 
34.0 22. 0 15.2 13.1 17. 6 24.96 24.54 22. ,18 23. 75 
38.0 22. 0 16.3 14.6 18. 5 24.96 24.62 22. ,06 23. 78 
42.0 22. 0 17.4 •16.1 19. 3 24.96 24.69 22, ,01 23. 78 
NO3-N Concentration, mg/L Total NO3-N, mg 
2.0 360.0 366 .4 390.7 421. 7 16, 31 17.42 19 .01 20, .69 
6.0 360.0 356 .1 379.0 454. 7 16, .31 16.25 17 .61 26, 14 
10.0 360.0 360 .3 382.1 381. 0 16, .31 16.88 18 .00 16, .92 
14.0 360.0 377 .6 389.0 348. 5 16, .31 18.00 18 .52 15, .24 
18.0 360.0 361, .0 405.4 299. 3 16, ,31 16.21 24 .90 12, ,91 
22.0 360.0 348, ,1 354.3 299. 2 16. ,31 14.96 17 .02 12, ,95 
26.0 360.0 350, ,8 375.9 314. 5 16. ,31 15.33 15 .00 13. ,64 
30.0 360.0 352. ,6 282.4 330. 6 16. 31 15.66 11 .76 14. ,33 
34.0 360.0 359, .3 293,7 347. 4 16, ,31 16.00 12 .38 14.33 
38.0 360.0 365, .8 309.8 363. 1 16.31 16.34 12 .93 15, ,71 
42.0 360.0 365. ,0 325.1 367. 6 16. 31 16.35 12 .98 15. ,86 
V^alues were interpolated for temperatures that were not measured 
at a given depth. 
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Table 7. Changes in moisture content, NO3-N concentration, and total 
NO3-N during freezing for the closed soil columns initially 
wetted to 25.0% moisture content^  
Freezing Soil Moisture Concentration Total N03-N 
period depth moved changed changed 
Days Cm % Gain/Loss Cm/day % Gain/Loss % Gain/Loi ss mg/day 
2.00 4.97 0.0496 1.78 6.81 1.110 
6.00 0.80 0.0080 -1.08 -0.37 -0.060 
10.00 3.45 0.0344 0.08 3.49 0.570 
14.00 5.25 0.0524 4.89 10.36 1.690 
18.00 -0.84 -0.0084 0.28 -0.61 -0.100 
1 22.00 -5.13 -0.0512 -3.31 -8.28 -1.350 
26.00 -3.53 -0.0352 -2.56 -6.01 -0.980 
30.00 -1.92 -0.0192 -2.06 -3.99 -0.650 
34.00 -1.68 -0.0168 -0.19 -1.90 -0.310 
38.00 -1.36 -0.0136 1.61 0.18 0.030 
42.00 -1.08 -0.0108 1.39 0.25 0.001 
2.00 6.29 0.0063 8.53 15.33 0.250 
6.00 0.96 0.0010 5.28 6.25 0.100 
10.00 2.36 0.0024 6.14 8.58 0.140 
14.00 3.93 0.0039 8.06 12.26 0.200 
18.00 30.69 0.0306 12.61 47.09 0.770 
10 22.00 5.09 0.0051 -1.58 3.43 0.060 
26.00 -14.42 -0,0144 4.42 -10.67 -0.170 
30.00 -12.10 -0,0121 -21.56 -31.09 -0.510 
34.00 -11.14 -0.0111 -18.42 -27.53 -0.450 
38.00 -11.62 -0.0116 -13.94 -23.97 -0.390 
42.00 -11.82 -0.0188 -9.72 -21.03 -0.343 
2.00 8.05 0.0027 17.14 26.55 0.140 
6.00 26.72 0.0089 26.31 59.96 0.330 
10.00 -2.24 -0.0007 5.83 3.43 0.020 
14.00 -3.77 -0.0013 -3.19 -6.87 -0.040 
18.00 -5.13 -0.0017 -16.86 -21.15 -0.110 
30 22.00 -4.77 -0.0016 -16.89 -20.91 -0.110 
26.00 -4.57 -0.0015 -12.64 -16.68 -0.090 
30.00 -4.65 -0.0015 -8.17 -12.45 -0.070 
34.00 -4.89 -0.0016 -3.50 -8.22 -0.040 
38.00 
-4.77 -0.0016 0.86 -4.05 -0.020 
42.00 -4.73 -0.0016 2.11 -2.76 -0.015 
G^ain (+)/Loss (-) with reference to the initial conditions. 
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decreased to 16.1° C. By the end of the 10-day period, average 
temperature gradients in the frozen and unfrozen zones had become 1.8 and 
0.64° C/cm, respectively. 
Moisture and NO3-N moved from the unfrozen zone toward the frozen 
zone (Figure 10 or Tables 6 and 7). Accumulation of moisture and NO3-N 
was at a maximum near the frozen-unfrozen interface. Distribution curves 
showing the desorption of both moisture and NO3-N in the unfrozen layers, 
and the adsorption of moisture and NO3-N in the frozen layers indicate 
that a liquid phase moisture movement may have dominated the vapor phase 
movement. Also, an increase in the concentration of NO3-N in the frozen 
zone and a decrease in the unfrozen zone may be explained by the 
exclusion of NO3-N ions from the soil solution as moisture in the liquid 
phase moved upward. 
By the end of the freezing period, the upper half of the column had 
gained 0.43 cm (8.7%) moisture and 14.6 mg (17.9% or 39 kg/ha) NO3-N. 
These gains are equivalent to average flow rates of 0.043 cm/day and 
1.46 mg/day. 
30-day freezing At the end of the freezing period, the 
temperature at the surface increased to -6.2° C while at the 38-cm depth 
the temperature also increased to 19.3° C. The average temperature 
gradients in the frozen and unfrozen zones, on the other hand, decreased 
to 1.2 and 0.5° C/cm, respectively. This resulted in the recession of 
the frost line to the 6-cm depth, and considerably shifted the 
distribution of moisture and NO3-N upward after 30 days of freezing 
(Figure 10 or Table 6). Accumulation of moisture and NO3-N was maximum 
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in the 4-8 cm layer where the frozen-unfrozen interface or 0° C isotherm 
was now located after 30 days. 
Only a small amount of moisture moved to the top layer. Although 
small, this water probably moved in the liquid phase and may have been 
relatively concentrated in NO3-N causing an increase in NO3-N 
concentration at the surface. By the end of the freezing period, the 
upper half of the column gained 0.24 cm (0.2%) moisture and 10 mg (12% or 
22 kg/ha) NO3-N, which were less than the moisture and NO3-N gains after 
the 10-day period. No doubt the late change in the temperature regime 
near the surface complicated matters. 
Open Columns 
The 40-cm open column initially contained 14 cm of moisture (or an 
average moisture content of 35%) and 256 mg of NO3-N before freezing 
conditions were applied (Table 8). Figures 11, 12, and 13 (Tables 8 and 
9) show the response of surface freezing on the temperature, moisture 
content, NO3-N concentration, and total NO3-N in soil columns whose 
bottoms were immersed in a NO3-N solution at a constant elevation. The 
concentration of the NO3-N solution was 360 mg/L. The initial NO3-N 
concentration distribution denoted by the solid line in Figure 13 
(Table 8) suggests that biological production of NO3-N in the unsaturated 
zone may have occurred, as well as denitrification near the water source 
before freezing was applied. A maximum concentration of 452 mg/L of 
NO3-N in the 20-24 cm layer and a minimum of 306 mg/L in the bottom layer 
were observed. 
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One-day freezing 
The high moisture content required two hours of surface freezing to 
decrease the temperature at the soil surface to 0° C. By the end of the 
one-day freezing period, the frost had penetrated the soil to the 15-cm 
depth. The temperatures at the surface and at the 38-cm depth were -16.9 
and 16.8° C, respectively. The average temperature gradients in the 
frozen and unfrozen zones at the time of sampling were 1.3 and 0.6° C/cm, 
respectively. 
Moisture movement toward the freezing zone was rapid causing the 
soil in the frozen layers to accumulate moisture to the level of 
saturation. The frozen zone gained 1.6 cm of moisture, which was 
essentially the amount gained by the entire column after one day of 
surface freezing. The increase in the NO3-N concentration (maximum of 
462 mg/L) in the frozen layer may have been due to the exclusion of 
anions and movement of a relatively concentrated solution through the 
frozen soil pores. The total amount of NO3-N gained in the upper half of 
the column at the end of the freezing period was 34 mg (75 kg/ha), while 
the entire column gained only 18 mg (40 kg/ha) as a result of a reduction 
in the NO3-N concentration in the unfrozen zone, possibly due to 
denitrification. 
10-day freezing 
The temperatures at the surface and at the 38-cm depth after 10 days 
of surface freezing were -19.2 and 16.5* C, respectively. The average 
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Table 8. Effect of surface freezing on temperature, moisture content, 
and NO3-N distribution in the soil columns with the bottom 
immersed in solution at a constant elevation 
Depth Freezing Duration, days 
0 1 10 30 0 1 10 30 
cm Temperature^ , "C % Moisture Content (by vol.) 
1. ,0 22.0 -16.9 -19.2 -15.2 
2, .0 22.0 -15.4 -17,9 -13.9 29 .72 41.59 43.72 43.43 
6. 0 22.0 -8.0 -11,5 -7.8 31, .43 41.95 43.06 42.48 
10. ,0 22.0 -2.2 -6,6 -3.0 32 .66 44.32 42.05 44.18 
14. 0 22.0 -0.5 -3.1 1.5 33 .30 39.18 45.04 43.36 
18. 0 22.0 4.8 1.0 6.2 33, .86 33.89 49.82 35.35 
22. 0 22.0 10.2 4.8 9.8 35, .46 35.10 36.88 35.34 
26. 0 22.0 12.3 8.9 12.1 35, .92 36.49 37.27 36.82 
30. 0 22.0 14.4 10.8 14.5 37. ,75 37.87 38.86 38.74 
34. 0 22.0 15.2 12.7 16.0 38. ,95 39.65 40.34 40.80 
38. 0 22.0 16.0 14.6 17.5 40. 22 39.92 41.26 42.49 
42. 0 22.0 16.8 16.5 18.8 41. ,41 42.08 41.65 42.48 
NO3-N Concentration, mg/L Total NO3-N, mg 
2.0 440, ,4 461.6 504. ,2 474 .6 23.75 34.84 40 .00 37 .40 
6.0 426. ,9 442.8 499. ,3 489 .2 24.35 33.71 39, .01 37 .71 
10.0 425. ,7 440.0 486. ,9 470 .2 25.23 35.38 37, .15 37 .70 
14.0 429. 5 430.5 474. 0 407 .3 25,95 30.61 38, .74 32, .04 
18.0 446. 2 430.3 448. 9 403, .4 27.42 26.46 40. ,58 25, .88 
22.0 452. 0 415.7 428. 5 414, ,2 29.08 26.48 28. 67 26. ,56 
26,0 435. 3 377.4 342. 0 366. ,3 28.37 24.99 23. 13 24. ,47 
30,0 370. 2 329.3 320. 2 316, .5 25.36 22.63 22. 58 22, ,25 
34,0 329. 5 310.8 310. 1 280. ,4 23.29 22.36 22. 70 20. 76 
38.0 321. 2 271.8 287. 6 211. 4 23.44 19.69 21. 53 16. 30 
42.0 306. 4 263.5 190. 7 124. 0 23.02 20.12 14. 41 9. 56 
V^alues were interpolated for temperatures that were not measured 
at a given depth. 
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Table 9. Changes in moisture content, NO3-N concentration, and total 
NO3-N in the open soil columns after freezing^  
Freezing Soil Moisture NO3-N Cone. Total N03-N 
period Depth Moved changed changed 
Days Cm % Gain/Loss Cm/day % Gain/Loss % Gain/Lo ss mg/day 
2.00 39.94 0.4748 4,81 46,69 11,090 
6.00 33.47 0.4208 3,72 38,44 9,360 
10.00 35.70 0.4664 3.36 40,23 10.150 
14.00 17.66 0.2352 0.23 17.96 4.660 
18.00 0.09 0.0012 -3.56 -3.50 -0.960 
1 22.00 -1.02 -0.0144 -8,03 -8.94 -2.600 
26.00 1.59 0.0228 -13,30 -11.91 -3.380 
30.00 0.32 0.0048 -11,05 -10.76 -2.730 
34.00 1.80 0,0280 -5,68 -3.99 -0.930 
38.00 -0.75 -0.0120 -15,38 -16.00 -3.750 
42.00 1.59 0.0268 -14,00 -12.60 -2.900 
2.00 47.11 0.0560 14,49 68.42 1.625 
5,00 37.00 0.0465 16,96 60.21 1.466 
10,00 28.75 0.0376 14,38 47.25 1.192 
14,00 35.26 0.0470 10,36 49.29 1.279 
18.00 47.14 0.0638 0,61 47.99 1.316 
10 22.00 4.00 0,0057 -5,20 -1.41 -0.041 
26.00 3.76 0,0054 -21.43 -18.47 -0,524 
30.00 2.94 0,0044 -13.51 -10.96 -0,278 
34.00 3.57 0.0056 -5.89 -2.53 -0,059 
38.00 2.59 0.0042 -10.46 -8.15 -0,191 
42.00 0.50 0.0010 -37.76 -37.40 -0.861 
2.00 46.13 0.0183 7.77 57.47 0,455 
6.00 35.16 0.0147 14.59 54.87 0,445 
10.00 35.27 0.0154 10.45 49,43 0,416 
14.00 30.21 0.0134 -5.17 23,47 0,203 
18.00 4.40 0.0020 -9.59 -5,62 -0,051 
30 22.00 -0.34 -0.0002 -8.36 -8,67 -0,084 
26.00 2.51 0.0012 -15,85 -13.75 -0,130 
30.00 2.62 0.0013 -14,51 -12,26 -0,104 
34.00 4.75 0.0025 -14,90 -10.86 -0,084 
38.00 5.64 0,0030 -34,18 -30,46 -0,238 
42.00 2.58 0,0014 -59,53 -37,40 -0,449 
G^ain (+)/Loss (-) with reference to the initial conditions. 
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temperature gradients in the frozen and unfrozen zones were 1.24 and 
0.68° C/cm. Depth of frost penetration had increased to 17 cm. 
Moisture contents within the top 12 cm of the column remained 
essentially the same from the first day to the 10th day of freezing. 
Further increase in the amount of moisture in the frozen zone was the 
result of the increase in frost penetration. The most notable change in 
the moisture distribution with time of freezing was the increase in the 
moisture contents to saturation (42%), and greater, in the lower end of 
the frozen zone, associated with lowering of this zone closer to the 
water source. The maximum moisture content (49.8%) was observed in the 
lowest layer of the frozen zone, that is, in the layer that included the 
frozen-unfrozen interface. It exceeded the saturation point of the soil, 
indicating that an ice lens may have formed and displaced some of the 
soil particles. Excessive accumulation of moisture suggests that the 
frost had penetrated and maintained its maximum depth; further upward 
moisture movement may only cause frost heaving. The upper half of the 
column gained 2.5 cm moisture, which was essentially the gain in moisture 
for the entire height of the column. 
NO3-N concentrations increased to a maximum (504 mg/L) toward the 
top layer, possibly as a result of exclusion of anions from the solution 
during the early stage of freezing and movement of a relatively 
concentrated solution through the frozen soil pores (Figure 13 or 
Table 8). Lower NO3-N concentrations (< 360 mg/L) near the water source 
were possibly caused by denitrification. At the end of the freezing 
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period, the upper half of the column had gained 69 mg (54% or 151 kg/ha), 
while the entire column had gained only 49 mg (109 kg/ha). 
30-day freezing 
At the end of the 30-day period, the temperature at the surface and 
at 38-cm depth increased to -15.2° C and 18.8° C, causing a recession in 
the frost depth to 13 cm (Table 7 and Figure 12). The average 
temperature gradients in the frozen and unfrozen zones were 1.4 and 
0.67° C/cm, respectively. 
Frozen water may have melted and redistributed downward as the frost 
line or frozen-unfrozen interface receded. Moisture contents in the 
frozen layers still remained at or near saturation. At the end of the 
freezing period, the moisture gain in the upper half of the column had 
decreased from 2.5 to 1.9 cm, which was essentially the amount gained by 
the entire column. Likewise, the NO3-N gain also decreased to 44 mg 
(34.8% or 97 kg/ha) for the top half and to 12 mg (4.1% or 25 kg/ha) for 
the entire column. 
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DISCUSSION 
Cooling of the soil surface to below 0° C caused movement of 
moisture from the unfrozen layers to the frozen layers in response to the 
"suction" developed at the frozen-unfrozen interface (O'Neill, 1982). 
Generally, a sharp change in the moisture content due to freezing was 
observed near the freezing front, that is, the maximum moisture 
accumulation occurred in the warmest layer of the frozen zone and the 
maximum moisture depletion occurred in the coldest layer of the unfrozen 
zone. The amount of moisture depletion from a soil layer decreased as 
the distance of the layer below the freezing front increased. The result 
was consistent with all levels of initial moisture content, and agreed 
with the findings of several other investigators. 
None of the closed columns exhibited large moisture accumulations in 
the very top layer of the frozen zone. For the 30-day freezing period, 
the moisture content of the surface layer increased about 2% for all 
closed columns. This may indicate vapor movement was significant 
compared to the liquid phase movement. One probable reason for the non­
existence of moisture (particularly the liquid phase) movement toward the 
top layer was that the temperature toward the surface was likely well 
below the freezing point of the solution, which may have caused a 
disruption of the interconnecting film of liquid molecules (Farouki, 
1981), Koopmans and Miller (1966) observed liquid phase movement in the 
frozen zone to be significant only in the temperature range from 0 to 
0.2° C. Too low a temperature may freeze most or all the water, so no 
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film flow toward the coldest layer could occur. Another possible reason 
for the lack of moisture accumulation in the top layer for the 
unsaturated closed columns was the relatively high rate of frost 
penetration during the initial stages of freezing (about 12 cm within the 
first day of freezing). As observed in the closed columns, one day of 
freezing did not result in significant moisture movement. Beyond one day 
of freezing, moisture tended to accumulate only in the warmer end, and 
not in the colder end of the frozen zone. 
It was apparent from the results of this study that the amount of 
moisture moving into the frozen zone depended upon the availability of 
soil moisture (that is, the initial moisture content), the duration of 
freezing, and probably the surface temperature. Surface temperature and 
the initial moisture content of the soil may dictate the rate at which 
the frost penetrates, and therefore the depth. If very low temperature 
conditions were applied to a soil surface of an unsaturated soil column, 
the frost may tend to penetrate the soil at a fast rate allowing only a 
short period of time for the available moisture to accumulate in the top 
layer. The resulting moisture content distribution would have a shape 
somewhat like a parabola, that is, moisture content increasing gradually 
from the top layer to the peak moisture content at the freezing front, 
and decreasing gradually to the minimum moisture content at the coldest 
layer of the unfrozen zone. The moisture distribution patterns in the 
frozen zone of the closed columns resembled this shape". This 
characterization is equivalent to what Trejo (1946) found with a sudden 
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application of a large temperature gradient, i.e., a parabolic shaped 
moisture pattern. 
If the same low temperature conditions were applied to a soil that 
was wetter and had an external source of water, as in the case of the 
open column treatment, the initial water present and rate of upward 
moisture movement would be high enough to slow the advancing freezing 
front because of the latent heat of fusion released on freezing. The 
column may have time to accumulate moisture to the saturation point. 
This appears to have happened to the open columns where the frozen zone 
had a nearly uniform saturated moisture content. Apparently as frost 
penetration slowed, the "suction" pressure at the freezing front remained 
high, and soil pores in the freezing layer continued to accumulate 
moisture beyond their saturation capacity. Accumulation of moisture 
beyond the saturation point of the soil can cause ice lens formation (or 
heaving) and soil particle displacement (Penner, 1967; Sutherland and 
Gaskin, 1973; and Hoekstra, 1969), 
A slight increase in the surface temperature, as occurred in the 
last 10 days of the 30-day freezing period, caused the frost line to 
recede, followed probably by downward redistribution of melted ice below 
the frost line. Therefore, the surface temperature under freezing 
conditions which influences frost movement may also have a large effect 
on the amount of moisture moved. For a given initial moisture content, 
the rate and depth of frost penetration seem to have a direct link with 
the amount of moisture accumulation and the shape of the moisture curve 
in the frozen zone. 
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Vapor phase flow in the unfrozen soil dominated movement in the low 
moisture range 20% moisture content), particularly toward the driest 
end of the range. It was estimated that the vapor movement was about 
four times greater than the liquid phase movement in the moisture range 
of 15 to 18%, and about 16 times greater than the liquid phase flow in 
the moisture content range of 9 to 10%. This result confirmed that 
observed by Jones and Kohnke (1952) , who found vapor phase moisture 
movement to be maximum at slightly below the wilting point of the soil. 
Water vapor movement was not important in the transfer of NO3-N ions to 
the upper zone of the soil, as vapor moved only the pure state of water. 
Water vapor tended to condense, accumulate, and dilute the solution in 
the frozen zone. 
Liquid phase movement became significant in the wet range of the 
soil (>20%). This type of moisture movement would be desirable in the 
movement of NO3-N up into the soil root zone. Moisture in the liquid 
phase, carrying solute whose concentration was higher than the 
concentration of the bulk solution, moved from the unfrozen layers to the 
frozen zone in response to surface freezing conditions of the soil. 
The amount of NO3-N accumulation depended on the amount of liquid 
phase moisture moved and the NO3-N concentration of the mobile liquid. 
For a given surface temperature and duration of freezing, accumulation of 
NO3-N in the frozen zone increased as the available moisture (initial 
soil moisture content) was increased. Under the conditions applied to 
the columns, maximum accumulations of moisture (1.6 cm) and total NO3-N 
(75 kg/ha) within one day of surface freezing were observed in the upper 
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20 cm of the open columns, which had constant supply of solution. Closed 
columns having initial moisture contents of 25% gave significant NO3-N 
accumulation (39 kg/ha) after 10 days of surface freezing. Where there 
was vapor movement (columns with moisture contents less than 20%), 
accumulation of NO3-N in the upper soil was insignificant. 
Therefore, there seemed to be a potential advantage of surface 
freezing in a wet soil on the recovery or movement of NO3-N into the 
upper zone of the soil. Exclusion of anions from the soil solution by 
the mobile liquid and movement of a relatively concentrated solution 
through the frozen soil pores also possibly enhanced accumulation of 
NO3-N. 
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SUMMARY 
The effects of initial soil moisture content and varying durations 
of surface freezing on soil moisture and NO3-N movement were measured in 
the laboratory using homogeneous soil columns. The relative importance 
of vapor and liquid flow, as well as the potential effect of the 
exclusion of NO3-N from the soil solution, on the upward movement of 
NO3-N were evaluated. 
Soil columns subjected to surface freezing showed an increase in 
moisture content in the frozen zone and depletion of moisture in the 
unfrozen layers. Where liquid phase movement was dominant (soils with 
moisture content greater than 20%), maximum moisture and NO3-N 
accumulation occurred in the warmest layer of the frozen zone (for 
unsaturated conditions) or in the top layer of the frozen zone (for a 
spil with a zone of saturation). Exclusion of anions from the soil 
solution and movement of a relatively concentrated solution through the 
frozen soil pores also appeared to enhance the transfer of NO3-N as long 
as moisture movement was in the liquid phase. NO3-N movement was not 
important in soils with moisture contents less than 20% due to the 
decreasing occurrence of liquid phase movement. 
For a given surface temperature and duration of freezing, the rate 
of moisture movement depended on the available soil moisture. For a 
given available soil moisture, the amount of moisture accumulation in the 
frozen zone seemed to depend on the surface temperature and duration of 
freezing. Where a water source was available close to the freezing soil 
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surface, large moisture and NO3-N accumulations occurred, even for a 
short duration of freezing. 
In future studies, experimental error resulting from possible 
biological interferences with soil NO3-N could be minimized by using 
subsoils containing little organic matter. Chloride or bromide which 
behave nearly identical to NO3-N (Corey et al., 1967), and are not 
affected by the presence of microorganisms, could be good substitutes as 
a tracer to characterize NO3-N movement in the soil. A study which would 
include a wide range of surface temperatures, including thawing and a 
time variable is recommended to investigate the possibility of maximizing 
NO3-N accumulation in the upper zone of the soil, and to determine the 
consequence of freeze-thaw cycles and complete thawing on leaching. 
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PART III. SOIL MOISTURE AND NITRATE MOVEMENT 
UNDER FREEZING CONDITIONS: A FIELD 
STUDY 
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ABSTRACT 
The temporal effects of winter freezing and spring thaw (under field 
conditions) on the movement of moisture and NO3-N in closed and open 
columns buried upright in the ground in a no-till corn field soil profile 
were studied. In-situ profile samples at the field soil were also taken 
with time. Winter freezing resulted in upward movement of moisture and 
NO3-N toward the freezing layer, where maximum or high accumulations 
occurred. Accumulation of moisture in the top soil layer was not 
.observed in closed columns but was in open columns and in the field soil, 
likely due to surface inputs (rain and snowmelt). Increases in NO3-N 
concentrations in or near the freezing layer showed that liquid-phase 
movement was dominant in the flow of moisture, with anion exclusion 
operative, and that water vapor movement was negligible under wet soil 
conditions. 
For closed, unsaturated soil columns, spring thaw essentially 
redistributed moisture and NO3-N back to their initial uniform 
distributions. For open columns and field soil, infiltration of water 
was shown to displace the distribution of NO3-N downward. For the field 
soil a total loss of about 60% (33 kg N03-N/ha) of the pre-winter NO3-N 
amount in the upper 60 cm of the profile occurred, believed largely due 
to leaching. Leaching losses from the upper 40 cm of the open columns 
constituted about 39% (65 kg N03-N/ha) of their initial amount. 
104 
INTRODUCTION 
In a laboratory experiment, a researcher has considerable control of 
the parameters (environmental factors) that might affect an experimental 
unit being studied. As such, he can study cause-effect relationships by 
introducing and varying one or more parameters at a time, and thereby 
achieve a better understanding of the mechanisms involved. 
Under field conditions, two environmental factors over which an 
experimenter has no control would be the temperature and precipitation 
(and its infiltration), both of which affect soil moisture and NO3-N 
movement. Two temperature regimes which change the state of water in the 
soil profile are freezing and thawing conditions. Surface freezing can 
cause upward moisture movement, while the thawing of snow and frozen soil 
can result in drainage of the soil solution or leaching. 
Iowa's climate belongs to a temperate zone with four distinct 
seasons. During the off-cropping seasons in winter and spring, the 
ground surface undergoes a dramatic change in surface temperature. 
Records for Boone County, Iowa, from November to April in 1951-1974 show 
that the average daily minimum, mean, and maximum temperatures were -5°, 
0°, and 15° C, respectively. The average monthly precipitation during 
this period was 4.3 cm. The average annual precipitation is about 84 cm 
(USDA, 1975). 
Iowa's soils are cropped mainly to corn or soybeans. Essentially 
all of the nitrogen fertilizer used in Iowa is applied to com, with the 
average rate in 1984 being 150 kg/ha (Kanwar et al., 1984). Often 
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30 kg/ha of inorganic (mainly NO3-N) nitrogen is lost through leaching 
(Baker et al., 1975). 
This experiment extended the scope of the total study to include the 
effects of freezing and thawing soil water under field conditions on the 
movement of water and NO3-N in the natural soil profile, and using 
homogeneous, open and closed, soil columns. The possible effect of anion 
exclusion on NO3-N recovery (movement upward) and leaching as well as the 
relative importance of vapor, liquid, and ice phase moisture contents 
during freezing and thawing were also evaluated. Overall, the effects of 
winter conditions on soil moisture and NO3-N fluxes during the period 
from fall to spring in central Iowa were determined. 
The specific objectives were: 
1. To quantify the amount of moisture and NO3-N transferred up into 
the higher zones or leached below the root zone (considered to be only 
88 cm, the length of the test columns in this study) during winter freeze 
and spring thaw. 
2. To estimate the relative importance of moisture movement in the 
liquid phase versus movement in the vapor phase in closed and open 
columns, and in the natural soil profile under freezing and thawing 
conditions. 
3. To determine if NO3-N recovery into the root zone (movement 
upward), and/or leaching could be increased by possible effects of anion 
exclusion. 
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MATERIALS AND METHODS 
Forty-eight NO3-N treated columns (24 closed and 24 open columns) 
were buried in a no-till com field on November 1, 1985. Roughly every 
two weeks until the end of April 1986, two replicate columns per 
treatment and field soils were sampled, and analyzed for moisture and 
NO3-N distributions. Gravimetric moisture and NO3-N determination of the 
column and field soils were performed in the laboratory. Neutron probe 
and time domain reflectometer (TDR), as well as precipitation/rainfall, 
air, and soil temperature measurements were also made. 
Soil Column Experiment 
Preparation of soil columns 
The soil columns to be used in the field were prepared in the same 
manner and using the same soil as the laboratory columns discussed in 
Part II; however, the columns were twice as long (88 cm). Each column 
was packed with 5300 g of air-dry soil to a density of about 1.2 g/cc. 
All columns were injected with distilled water to bring the moisture 
content of the soil to 25% by volume. At this moisture level, the NO3-N 
originally in the soil resulted in a soil solution concentration of 
160 mg/L. 
Closed soil columns were covered at both ends with plexiglass plates 
sealed with silicone sealant to prevent moisture loss or entry. In the 
open soil columns, the top and bottom ends of the plastic liner were 
removed and replaced with a nylon cloth cover to avoid soil loss and to 
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allow moisture to migrate freely in and out. Removal of these plastic 
ends was done immediately before burying the columns in the ground. Four 
columns, two closed and two open, were each fitted with six thermocouples 
through holes drilled at 1, 10, 20, 40, 60, and 85 cm depths, measured 
from the top. The holes were then plugged with silicone sealant, with 
the thermocouple wires taped along the outside of the columns. In 
addition, two thermocouples were set 50 cm above the ground to monitor 
the air temperature. 
Two columns were set aside to obtain initial measurements of 
moisture and NO3-N distributions. The rest were fitted with a wire 
hanger tied across the top of the pipe to which a winch or power lifting 
device could be attached for removal of the column from the ground for 
sampling. Also, the outside of each soil column was wrapped with plastic 
film to ease pulling it from the ground, which at times would be frozen. 
Closed and open column-treatments 
Since all columns were initially prepared to have homogeneous 
density, moisture, and NO3-N distributions, it was possible to determine 
changes in moisture and NO3-N distributions with time. Two treatments 
(closed and open columns) sampled at 12 different periods were each 
replicated twice requiring a total of 48 soil columns, not including the 
two prepared for background measurement. Sampling, on an approximately 
bi-weekly basis, ran from November 1985 through the end of April 1986. 
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Experimental set-up 
The soil columns were buried in a no-till harvested com field in 
field five at the Agronomy-Agricultural Engineering Research Farm near 
Boone, Iowa during the period from November 1985 to April 1986. The 
field had tile drainage running from east to west; within the 
experimental site the soil surface sloped eastward about 2 percent. 
Twenty-four columns representing the first replicates of open and 
closed column treatments were buried in an upright position along a crop 
row, about 3 meters north of one tile line. The second replicates were 
buried at the same distance on the opposite side of the tile line. 
Figure 1 shows the experimental field layout with columns buried 35 cm 
apart. 
A tractor-mounted hydraulic powered 11.5 cm diameter soil probe was 
used for boring holes before inserting the columns with their top ends 
flush with the soil surface. The space around the column was packed with 
soil to ensure intimate contact between the soil column and the 
surrounding soil. 
A mobile house trailer stationed on the northeast corner of the 
experimental site housed a battery-powered datalogger. The trailer was 
positioned to avoid possible wind and shade effects on the experimental 
site and was within the reach of the 16-meter long thermocouple wires. 
Sampling 
Temperature data were recorded every two hours on a cassette tape 
recorder and printed out on thermal paper throughout the duration of the 
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Figure I. Experimental field layout in Agricultural Engineering Research Farm in Boone County, 
Iowa 
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experiment. Due to lack of 110-volt AC electrical power, the blanket 
insulated datalogger was heated during the winter with a 12-volt bulb 
powered by acid-type batteries. Heating helped prevent malfunctioning of 
the recorder. 
Roughly every two weeks beginning in November 1985, two soil columns 
per treatment were pulled from the ground with the use of a winch hung 
from a frame. However, after a January thaw and freeze cycle, a tractor-
powered lift with a hook and chain was needed to remove the columns from 
the frost-hardened ground. The last columns (with thermocouples) were 
removed on April 28, 1986. 
Results from closed columns sampled in March, 1986 were considered 
unusable because of apparent leakage resulting in moisture movement into 
the soil columns probably from a high groundwater table created during 
thawing of snow in January, February, and March. Also, results from only 
one replication per sampling period in February and April were used 
because of water inflow contamination. Therefore, only results from 
10 sampling periods for the closed columns were analyzed. 
Columns removed from the ground were brought immediately to the 
machine shop in the Agricultural Engineering Department for sectioning. 
Cutting, NO3-N extraction, and moisture and NO3-N analyses were performed 
following the same procedure as the laboratory columns discussed in 
Part II. 
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Data analyses 
Statistical test for the distribution of the injected solution in 
the soil columns showed that the variability among moisture contents and 
NO3-N concentrations in all layers was not significantly different at the 
5% level. Appendix Table A-1 showed the initial distribution of moisture 
and NO3-N concentrations in the two test columns before burying all the 
others in the field. 
Increases in NO3-N amounts were observed in all closed columns. To 
maintain the NO3-N mass balance in the closed columns before and after 
sampling, it was necessary to make a correction for the total NO3-N and 
concentration in all closed columns with reference to the initial 
conditions. This was done so that comparison of the changes in NO3-N 
distribution in the column could be explained by physical process only, 
i.e., due to the temperature gradient and water movement and phase 
changes. 
A uniform correction for NO3-N concentrations and amounts throughout 
the column length for soil columns sampled in April 1986 was applied. 
March 20 was used as the reference date for the correction because the 
average daily temperature beginning this date was 2° C or above. At 
these temperatures, nitrifying bacteria become active (Anderson and 
Purvis, 1955). For example, the increase in total NO3-N in the soil 
columns from February 28 to April 11 (42 days) was about 4.8 mg or 
4.8/42 - 0.11 mg/day (or 2.8% of the initial total NO3-N in the soil 
column), while about the same amount of increase (4.4/17 = 0.26 mg/day) 
was observed from April 11 to April 28, 1986 (17 days). The average of 
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the two rates (0.19 mg/day) was used in correcting the NO3-N amount in 
the April 11 column, while the correction rate used for the April 28 
column was (0.19 + 0.26)/2 =0,22 mg/day with March 20 as the reference 
date. Thus, each layer in the April 11 column was subtracted with (0.19 
mg/day x 22 days 4- 22 layers) = 0.19 mg. The amount (0.19 mg) represents 
only 2.5% of the initial amount in the layer. The remaining increase in 
the April 11 column, after a uniform correction was made, was used to 
correct the NO3-N amounts in the unfrozen layers where possible 
nitrification also occurred from November 1, 1985 to March 20, 1986. The 
same correction procedure as in the laboratory columns was applied to the 
unfrozen layers for the remaining increase in NO3-N to bring down the 
total NO3-N in the column to 168.3 mg. Likewise, the same procedure was 
followed to adjust the NO3-N amounts in the April 28 column. The 
corrected NO3-N concentration for each layer was then estimated by 
dividing the corrected amount by its total moisture content (expressed in 
liters). No corrections were made for the open columns. 
The same computational procedure used in the laboratory columns was 
applied in determining the total NO3-N in each 4-cm soil layer. Averages 
of the two replicates (where available) for temperature, moisture 
content, and NO3-N concentrations and amounts for all layers in the soil 
profile were computed. 
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Field Sampling and In-Situ Measurement 
Figure 1 shows the experimental field layout for the in-situ soil 
moisture content measurements and for soil sampling sites. Four sampling 
sites were selected to monitor changes in moisture and NO3-N 
distributions in the natural soil profile over the winter and spring. 
Two replicate sites were also instrumented with thermocouples for 
temperature measurement at 1, 5, 10, 20, 25, 30, 40, 50, 75, 100, and 150 
cm soil depths. In addition, four access tubes (four 3.8-cm diameter x 
150 cm long PVC pipes) were installed for neutron probe measurements of 
the total moisture content of the soil. To estimate the liquid phase 
moisture content in the frozen zone, four replicate sites were chosen for 
installation of sets of four TDR vertical probes whose lengths were 31, 
45, 76, and 121 cm. 
The neutron probe was used to measure the total moisture content 
(liquid + ice phase) of the soil. It is based on the principle that when 
the probe is lowered down into the access hole, fast neutrons are emitted 
which are then slowed and scattered by elastic collisions with hydrogen 
nuclei. A sensor measures the resulting concentration of slow neutrons 
(counts of slow neutrons per unit time) near the probe (Marshall and 
Holmes, 1979). This count is related to the amount of water in a unit 
volume of the soil. TDR is used to measure the liquid phase moisture 
content of the soil. It works on the principle that the apparent 
dielectric constant is functionally related to the liquid phase moisture 
content of the soil (Topp et al., 1980). 
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TDR probes were made from two parallel brass rods, each 6.35 mm in 
diameter and separated by 5 cm. The rods on one end were bent at 90 
degrees and antenna wire terminals were soldered into place. The 
straight ends were passed through the holes of a 1,25 cm thick plexiglass 
plate and rods were fixed in the parallel position by tie wires and 
sealant/insulation. The TDR probes were installed into the soil profile 
by first drilling two parallel holes with an extended 6.35 mm diameter 
masonry drill bit and an electric drill. A frame assembly of two 
parallel metal pipes was used as a guide in drilling the parallel holes. 
The probe rods were then installed into the drilled holes. Neutron probe 
and TDR probe moisture readings were taken simultaneously every two 
weeks. 
Field soil sampling near the experimental site of the field columns 
was also performed the same day as moisture probe measurements (Figure 
1). Frost-hardened top soil sometimes prevented soil sampling. However, 
drilling holes through the frozen surface soil layer around the periphery 
of the sample site sometimes helped in obtaining soil samples. 
Because of expected high spatial variability of soil NO3-N, each 
subsequent sample was taken very near (about 1.5 cm) the hole from the 
previous sample. Soil samples were taken at 15-cm depth intervals up to 
1.5 m using a 2-cm or 5-cm diameter soil sampler. The holes left after 
sampling were filled with melted paraffin to avoid undesirable effects of 
water entry and freezing around the hole on later sampling. 
Gravimetric soil moisture determinations for collected soil samples 
were used for calibrating the neutron probe. TDR calibration was done in 
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the laboratory. Columns of three different lengths (42, 63, and 88 cm) 
of 12-cm diameter plastic pipe containing an initially air-dry soil of 
known moisture content were used to calibrate the unfrozen (liquid phase) 
moisture contents with the corresponding apparent dielectric constants 
determined using the TDR. The soil columns were imbedded with 30, 53, 
and 75 cm long TDR probes, respectively, with the connecting wires 
protruding through one end of the column. Both ends of the columns were 
sealed to avoid evaporation. The bulk density of the packed soil was 
about 1.2 g/cc. A known amount of water was injected into these 
calibration columns at points about 1 cm apart using a six-channel 
electronic injector. The exact amount of water added was determined by 
weighing the column before and after injection. Soil water was allowed 
to equilibrate for at least a week before a TDR measurement was made. 
Subsequent injections of water and TDR measurements were made in similar 
manner up to a maximum volumetric moisture content of 28%. The final 
moisture content was also checked gravimetrically. 
Data analyses 
Because of difficulty in obtaining soil samples from frozen ground, 
samples on the four days of December 20, January 5 and 18, and February 
15 were not taken. Only 2 of the 4 replicate sites, located at the upper 
end of the experimental area, were sampled on December 7, February 1 and 
March 1. During the rest of the scheduled sampling periods all four 
replicate sites were sampled. 
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Because of some missing replicate data and to avoid unequal number 
of replications, only two replicates (sampled at the upper end of the 
experimental area) were used in the results and discussion. Curve 
fitting with polynomial regression for the total moisture contents (from 
sample soils) versus the neutron counts for each replication was made for 
layers having similar density. Best fit equations were used to 
approximate the total moisture content in the soil profile at scheduled 
sampling periods during which soil samples were not taken. 
The moisture contents of the unfrozen calibration soil samples were 
correlated with the corresponding apparent dielectric constant readings 
from the TDR. Topp et al. (1980) found that the relationship between the 
dielectric constant and the volumetric moisture content was somewhat 
independent of the soluble salt content and soil bulk density, and 
claimed that their obtained relationship is universally applicable under 
natural field conditions. The dielectric constant is determined by 
Kg = (ct/l)2, where c is the velocity of an electromagnetic signal in 
free space (30 cm/nsec), t, the travel time of the voltage pulse as 
measured by the TDR (nsec) and 1 is the length of the probe (cm). All 
moisture content and dielectric constant data from the three calibration 
samples were combined and fitted with a polynomial equation using 
regression techniques. 
Since frost penetrated the soil to a maximum of 45 cm depth, only 
the TDR measurements from the 31-cm and the 45-cm long probes were used. 
Vertical TDR probe readings give the average liquid phase moisture 
content in the layer through which the probe extends. 
117 
Hayhoe and Bailey (1985) have developed a procedure for determining 
the average moisture content for more than one layer using TDR. For 
example, to determine the average moisture contents in two layers , let 
0% and D2 be the vertical TDR probe lengths corresponding to the soil 
layer thicknesses measured from the surface. Let and 62 be the 
measured volumetric moisture content in layer 1 of thickness and layer 
2 of thickness D2, respectively. Since the total moisture in the layer 
(expressed in depth of water) is d = 5 D, then the liquid phase moisture 
content, B\2> the layer between and D2 in question would be 
1^2 - (#202 - #IDI)/(D2 - Di). (1) 
The difference between the total moisture content obtained (from 
soil sampling or from the neutron method) and the liquid phase moisture 
content (from the TDR method) should therefore be the ice content. 
Liquid phase and total moisture contents in the 0-30 cm and the 30-45 cm 
soil layers were determined. 
The total NO3-N in kg/ha in each 15-cm soil layer was computed by 
multiplying the total moisture (liters) in a soil volume with an area one 
hectare in size and a thickness of 15 cm thick by the NO3-N concentration 
(expressed in kg/L). Minimum and maximum daily air temperature, minimum 
and maximum daily surface soil temperature, as well as the total 
precipitation, snow depth and frost depth were determined with time. 
Moisture and NO3-N movement across a plane at the 40-cm depth (for soil 
columns), and the 60-cm depth (for soil profile samples), as well as 
above and below the frozen-unfrozen interface were calculated. 
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RESULTS AND DISCUSSION 
Results and discussion are presented according to individual 
treatments (closed and open columns, and field soil profile sampling) by 
environmental conditions (freezing from November 1, 1985 to February 28, 
1986, and thawing from March 1 to April 28, 1986), 
Comparisons made among the sampled closed columns from the field 
showed that total moisture contents were not significantly different at 
the 5% level. However, statistical comparison among total NO3-N in 
columns at different sampling periods showed a significant difference at 
5% level. The greatest difference (or increase) from the initial total 
NO3-N was detected on the column sampled on April 28, 1986. 
The detected increases (or error) in total NO3-N, which increased 
with time, were 2.8% (4.71 mg), 6.9% (11.61 mg) and 11.2% (18.85 mg) over 
the initial total NO3-N of 168.3 mg in the 88-cm closed column after 
91 days (January 31), 119 days (February 28) and 178 days (April 28, 
1986) from burial, respectively. This increase may have been due to 
microbiological nitrification in the unfrozen layer where temperature was 
above freezing. It was also possible that the increase or part of this 
increase in NO3-N could be attributed to experimental error associated 
with sampling, measurement, and NO3-N analysis in the laboratory. 
Differences for all the columns, except the one sampled on April 28, were 
found to be lesser than the expected experimental error of 10%. 
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Temperature and Precipitation 
Figure 2 shows the recorded range of minimum and maximum daily air 
temperatures (shaded) at 50 cm above the ground from November 5, 1985 to 
April 28, 1986. Minimum daily air temperatures observed on the field 
were below 0 C from November 5, 1985 to March 20, 1986, and above 0° C 
essentially during the remaining period of this study. The maximum daily 
air temperatures, usually observed in the afternoon, were less than 5° G 
most days until the end of February, and above 5° C beginning in March. 
The lowest minimum air temperatures were recorded in mid December of 1985 
and in mid February of 1986, while the highest maximum air temperature 
was observed toward the end of April 1986. The maximum one-day range of 
temperatures was a low of -10° C to a high of 20° C. 
Records for the total daily precipitation (rainfall + snow) shown in 
Figure 3 were taken from a nearby meteorological station (about 500 m 
away from the experimental site). The highest daily precipitation 
amounts (2.3 cm) were recorded on December 1, 1985 and on April 1, 1986. 
Snowfall before December 21 had accumulated on the ground to a maximum 
depth of 35 cm (Figure 4). However, the freeze-thaw cycles that occurred 
in the month of January caused all the snow to melt before another 
snowfall came on February 5-7, 1986. Freezing after the snow melted 
caused the soil surface temperature to decrease well below 0° C and 
caused the frost to penetrate down to a maximum depth of about 45 cm in 
early February (Figure 4). Snow cover, when it existed, served as a good 
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Figure 2. Daily minimum and maximum air temperature at 50 cm above 
the surface of the no-till corn field during the winter 
and spring of 1985-1986 
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Figure 3. Daily precipitation at the experimental site during 
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Figure 4. Soil frost penetration and on-ground snow depth at the 
experimental site during the winter and spring of 1985-
1986 
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insulator, resulting in soil surface temperature near 0 °C. Complete 
melting of snow and frozen soil was observed in the middle of March, 
1986. 
Closed Columns 
The effects of surface temperature during the winter and spring 
periods on soil temperature, moisture content and NO3-N distribution in 
the closed soil columns are presented in Figures 5 and 6 (Tables 1 to 
13). The plotted temperature profile curves in Figure 2 were taken from 
the 10 AM readings, the approximate time when the soil columns were 
sampled. It is therefore possible that temperature readings in the 
profile taken at 10 AM may not represent the average temperature of the 
day. Thus, the location of the 0° C isotherm based on the 10 AM reading 
may not reflect the correct position of the frost line. However, 
variation of temperature in the soil column was small under a snow-
blanketed surface that maintained a temperature of near 0° C near the 
soil surface. 
Table 1 gives a summary of some of the results by sampling periods, 
showing the amounts and percentages' of moisture and NO3-N transferred 
from the unfrozen layers to the top 40 cm of the freezing columns. It 
also shows the temperature gradient, the minimum and maximum moisture 
contents, NO3-N concentrations, and NO3-N amounts and their locations 
during each sampling period. 
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Table 1. Summary of the effects of time of exposure to field conditions 
on the movement of moisture and NO3-N in the closed soil 
columns 
Date of Sampling 
mo/dy/yr 
(days from burial) 
11/1/85* 12/6/85 1/3/86 1/31/86 2/28/86 4/11/86 4/28/86 
(0) (35) (63) (91) (119) (161) (178) 
Frost depth, cm 0.0 20 .0  16.0  32.0 40.0 0 . 0  0 . 0  
Temperature gradient, ° C/cm 
Frozen zone - 0.000 0.000 0.024 0.030 - -
Unfrozen zone 0.000 0.055 0.044 0.040 0.025 -0.039 -0.097 
Moisture content 
Peak, % 26.4 29.6 35.5 33.4 36.0 27.0 27.4 
(Loc., cm) - 12-16 12-16 12-16 16-20 48-52 8-12 
Minimum, % 26.4 24.3 23.7 22.8 22.1 25.2 25.4 
(Loc., cm) - 24-28 20-24 44-48 40-44 8-12 0-4 
Amt gain^ , cm 0.00 0.21 0.40 0.80 1.28 -0.50 -0.02 
% gain^  0.0 2.0 3.8 7.6 • 12.2 -0.4 -0.0 
Rate, xlO'J cm/d 5.83 6.25 8.70 10.42 
-
-
N03-N Concentration 
Peak, mg/L 160.0 173.6 187.3 195.4 215.0 182.3 173.1 
(Loc., cm) - 12-16 12-16 8-12 12-16 32-36 16-20 
Min., mg/L 160.0 153.4 134.1 138.0 123.2 142.1 148.9 
(Loc., cm) - 32-36 16-20 32-36 20-24 24-28 28-32 
% gainf 0.00 3.50 6.50 9.90 17.50 5.00 5.20 
Total N03-N 
Peak, mg/layer 7.65 9.31 12.05 11.07 13.55 8.73 8.33 
(Loc., cm) - 12-16 12-16 8-12 16-20 32-36 16-20 
Min., mg 7.65 8.46 8.16 6.63 5.49 6.93 7.08 
(Loc., cm) - 16-20 16-20 28-32 44-48 24-28 48-52 
Amt gain^ , mg 0.00 2.50 3.98 6.44 15.59 2.04 1.99 
% gain^  0.00 3.30 5.20 8.40 20.40 2.70 2.60 
I^nitial conditions. 
C^omputed for the top 40 cm of the soil profile. 
C^omputed for the top 20 cm of the soil profile. 
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Table 2. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
columns sampled on November 27, 1985 (26 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 -1.2 
2.0 -1.1 27.3 155.4 7.68 
6.0 -0.7 26.6 153.6 7.39 
10.0 -0.3 28.0 170.2 8.63 
14.0 -0.2 26.8 164.6 7.99 
18.0 -0.1 24.6 147.3' 6.57 
22.0 0.2 25.7 149.6 6.97 
26.0 0.5 26.1 159.1 7.51 
30.0 0.9 26.3 164.2 7.82 
34.0 1.3 26.4 163.4 7.82 
38.0 1.6 26.3 158.1 7.54 
42.0 2.0 26.4 156.9 7.51 
46.0 2.3 26.6 160.3 7.71 
50.0 2.7 26.6 161.6 7.77 
54.0 3.1 26.3 163.7 7.80 
58.0 • 3.4 26.4 163.2 7.81 
62.0 3.7 26.4 162.3 7.77 
66.0 4.0 26.3 163.9 7.81 
70.0 4.2 26.4 163.2 7.81 
74.0 4.4 26.3 161.2 7.68 
78.0 4.7 26.3 161.7 7.71 
82.0 4.9 26.4 160.1 7.66 
86.0 5.2 26.2 154.8 7.34 
Total 168.30 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 3. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil columns sampled on 
November 27, 1985 (26 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 3 .31 0.035 -2.88 0.33 0.03 
6.0 0 .58 0.006 -3.97 -3.42 -0.26 
10.0 6 .03 0.064 6.38 12.80 0.98 
14.0 1 .49 0.016 2.87 4.40 0.34 
18.0 -6 .69 -0.071 -7.91 -14.07 -1.08 
22.0 -2 .60 -0.027 -6.52 -8.95 -0.68 
26.0 -1 .24 -0.013 -0.57 -1.80 -0.14 
30.0 -0 .33 -0.003 2.60 2.26 0.17 
34.0 0 .12 0.001 2.10 2.22 0.17 
38.0 -0 .33 -0.003 -1.16 -1,49 -0.11 
42.0 0, .12 0.001 -1.92 -1.80 -0.14 
46.0 0, .58 0.006 0.16 0.74 0.06 
50.0 0, .58 0.006 1.00 1.59 0.12 
54.0 -0, .33 -0.003 2.29 1.96 0.15 
58.0 0, ,12 0.001 2.03 2.15 0.16 
62.0 0, ,12 0.001 1.42 1.54 0.12 
66.0 -0. 33 -0.003 2.42 2.08 0.16 
70.0 0. 12 0.001 1.99 2.12 0.16 
74.0 -0. 33 -0.003 0.76 0.42 0.03 
78.0 -0. 33 -0.003 1.06 0.73 0.06 
82.0 0. 12 0.001 0.07 0.20 0.01 
86.0 -0. 79 -0.008 -3.24 -4.00 -0.31 
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Freezing conditions 
November sampling The average air and soil temperatures in the 
columns during burial on November 1, 1985 were about 10° and 10.5° C, 
respectively. The initial moisture content, NO3-N concentration, and 
total NO3-N in each 4-cm layer of the columns were 26.4%, 160 mg/L, and 
7.7 mg, respectively (Figures 5 and 6, Table 1). The average daily 
temperature at the soil surface steadily declined from 10° C on November 
1 to -1.2° C on November 27, 1985, while at the 80-cm depth, the 
temperature was about 4° C. Temperatures below freezing began to appear 
in the first cm of the soil layer on November 20 as the average daily air 
temperature dropped below 0° C. By November 27 (26 days after burial or 
7 days after frost began to form) the frost had penetrated the soil to 
20 cm (Table 2). The temperature gradient was 0.06° C/cm in the frozen 
zone, and 0.08° C in the unfrozen zone. 
For the columns sampled November 27, there was a slight increase in 
moisture content, NO3-N concentration, and total NO3-N in the 8-12 cm 
layer, while a corresponding decrease was observed in the 16-24 cm layers 
(Table 2). This change was probably the result of the temperature 
gradient and/or surface freezing, A slight increase in moisture content 
from 26.4% to 27.3%, observed in the very top layer, may have been due to 
the initial freezing effect before the frost began to penetrate the soil. 
December sampling A heavy snow (21 cm depth; moisture equivalent 
of 2.3 cm) that occurred on December 1 completely covered the ground 
causing the surface temperature to be maintained near 0° C, and the soil 
frost to be maintained at a 20-cm depth for rest of the month (Table 4) . 
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Table 4. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
columns sampled on December 6, 1985 (35 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 0.0 
2.0 0.0 26.9 161.9 7.91 
6.0 0.0 26.8 163.0 7.93 
10.0 0.0 28.5 169.8 8.78 
14.0 0.0 29.6 173.6 9.31 
18,0 0.0 29.2 159.6 8.46 
22.0 0.1 28.7 165.6 8.63 
26.0 0.2 24.3 156.5 6.90 
30.0 0.4 24.8 155.1 6.97 
34.0 0.6 25.2 153.4 7.03 
38.0 0.7 25.2 154.7 7.08 
42.0 0.9 25.4 155.2 7.14 
46.0 1.2 25.6 155.0 7.20 
50.0 1.5 25.6 156.2 7.26 
54.0 1.8 25.6 157.5 7.32 
58.0 2.1 25.8 157.3 7.37 
62.0 2.3 25.8 158.5 7,43 
66.0 2.5 25.6 161.2 7.49 
70.0 2.7 26.0 160.2 7.55 
74.0 2.9 26.2 160.0 7.61 
78.0 3.2 26.2 161.2 7.66 
82.0 3.4 • 26.2 161.2 7.66 
86.0 3.6 26.6 159.0 7.64 
Total 153.00 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 5. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil columns sampled on 
December 6, 1985 (35 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 1.89 0.020 1.19 3 .40 0.26 
6.0 1.52 0.016 1.88 3.66 0.28 
10.0 7.95 0.084 6.13 14.77 1.13 
14.0 12.12 0.128 8.50 21 .70 1,66 
18.0 10.61 0.112 -0.25 10 .59 0.81 
22.0 8.71 0.092 3.50 12 .81 0.98 
26.0 -7.95 -0.084 -2.19 -9 .80 -0.75 
30.0 -6.06 -0,064 -3.06 - 8 .89 -0.68 
34.0 -4.55 -0.048 -4.12 - 8. 10 -0.62 
38.0 -4.55 -0.048 -3.31 -7, .45 -0.57 
42.0 -3.79 -0.040 -3.00 -6. 67 -0.51 
46.0 -3.03 -0.032 -3.13 -5, .88 -0.45 
50.0 -3.03 -0.032 -2.38 -5, ,10 -0.39 
54.0 -3.03 -0.032 -1.56 -4. 31 -0.33 
58.0 -2.27 -0.024 -1.69 -3. 66 -0.28 
62.0 -2.27 -0.024 -0.94 -2. 88 -0.22 
66.0 -3.03 -0..032 0.75 -2. 09 -0.16 
70.0 -1.52 -0.016 0.12 -1. 31 -0.10 
74.0 -0.76 -0.008 0.00 -0. 52 -0.04 
78.0 -0.76 -0.008 0.75 0. 13 0.01 
82.0 -0.76 -0.008 0.75 0.13 0.01 
86.0 0.76 0.008 -0.63 -0. 13 -0.01 
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Table 6. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
columns sampled on December 20, 1985 (49 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 0.0 
2.0 0.0 26.8 165.6 8.03 
6.0 0.0 26.8 154.9 7.51 
10.0 0.0 28.9 177.9 9.32 
14.0 0.0 34.0 189.3 11.65 
18.0 0.0 29.2 144.5 7.63 
22.0 0.1 23.9 152.1 6.58 
26.0 0.4 24.4 158.7 7.00 
30.0 0.6 25.0 155.9 7.05 
34.0 0.8 25.2 154.6 7.06 
38.0 1.0 25.3 155.0 7.11 
42.0 1.1 25.6 163.3 7.56 
46.0 1.4 25.7 157.9 7.35 
50.0 1.6 25.6 152.4 7.06 
54.0 1.8 25.8 167.1 7.81 
58.0 2.0 25.8 154.6 7.23 
62.0 2.3 25.8 157.8 7.37 
66.0 2.5 25.8 . 158.8 7.42 
70.0 2.6 26.2 152.0 7.20 
74.0 • 2.8 26.2 156.2 7.40 
78.0 3.0 26.2 166.2 7.88 
82.0 3.2 26.0 157.3 7.42 
86.0 3.3 26.9 157.4 7.66 
Total 168.30 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 7. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil columns sampled on December 
20, 1985 (49 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 1.38 0.015 3.48 4.92 0.38 
6.0 1.38 0.015 -3.16 -1.82 -0.14 
10.0 9.57 0.101 11.21 21.85 1.67 
14.0 28.66 0.303 18.34 52.26 4.00 
18.0 10.48 0.111 -9.67 -0.21 -0.02 
22.0 -9.52 -0.101 -4.93 -13.99 -1.07 
26.0 -7.71 -0.081 -0.82 - 8.46 -0.65 
30.0 -5.43 -0.057 -2.58 -7.87 -0.60 
34.0 -4.52 -0.048 -3.35 -7.72 -0.59 
38.0 -4.07 -0.043 -3.13 -7.08 -0.54 
42.0 -3.16 -0.033 2.07 -1.16 -0.09 
46.0 -2.71 -0.029 -1.30 -3.97 -0.30 
50.0 -3.16 -0.033 -4.76 -7.77 -0.59 
54.0 -2.25 -0.024 4.43 2.08 0.16 
58.0 -2.25 -0.024 -3.34 -5.52 -0.42 
62.0 -2.25 -0.024 -1.40 -3.62 -0.28 
66.0 -2.25 -0.024 -0.76 -3.00 -0.23 
70.0 -0.89 -0.009 -4.98 -5.83 -0.45 
74.0 -0.89 -0.009 -2.36 -3.23 -0.25 
78.0 -0.89 -0.009 3.90 2.98 0.23 
82.0 -1.34 -0.014 -1.67 -2.99 -0.23 
86.0 1.84 0.019 -1.65 0.15 0.01 
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Consequently, the temperature gradients in the frozen and unfrozen zones 
dropped to approximately to 0 and 0.05° C/cm. 
For the columns sampled December 6 (35 days after burial), moisture 
and NO3-N movement from the unfrozen zone to the frozen zone were 
observed with the 12-16 cm layer exhibiting a maximum and significant 
accumulation (29.6% moisture content, 174 mg/L and 9.3 mg NO3-N) 
(Figure 5). These peak values were located slightly above the frozen-
unfrozen interface. Most of the moisture and NO3-N gains occurred within 
the 8-24 cm layers in the frozen zone. That little or no moisture or 
NO3-N moved within the frozen zone to the soil surface may have been due 
to a negligible temperature gradient within the frozen zone (Tables 4 and 
5). Most of the layers at the lower depths, particularly those near the 
24-cm depth, suffered moisture and NO3-N depletion. 
For.the columns sampled December 20 (49 days after burial) there was 
a slight increase in moisture content and NO3-N amount in the frozen zone 
from December 6, 1985. The 20-24 cm layer, located immediately below the 
frozen-unfrozen interface, experienced the greatest moisture depletion. 
The amount of moisture depletion decreased with depth below the 20-24 cm 
layer. The layer with the lowest NO3-N concentration (144.5 mg/L) was in 
the warmest layer of the frozen zone, where the frozen-unfrozen interface 
or freezing front was located. Immediately above this layer was the 
layer that contained the highest moisture content (34%) and the highest 
NO3-N concentration (189.3 mg/L) (Figures 5 and 6, and Table 6). These 
results indicate that liquid-phase moisture movement may have dominated 
the flow relative to vapor flow; in addition, the higher NO3-N 
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concentrations associated with more water movement indicate that anion 
exclusion may be a factor. 
January sampling There was little change in the moisture content 
and NO3-N distributions from the December 20 sampling to those of January 
3 and 17, as the snow cover continued to result in an average soil 
surface temperature near 0° C, while the frost remained within the 20-cm 
depth (Tables 1, 8 to 11). However, the freeze-thaw cycles which 
occurred in the second and third week of January melted all the snow on 
the ground, and the surface soil temperature dropped below 0° C from 
January 22 to the end of the month. The coldest day was January 27 when 
the average surface temperature was about -8° G. 
At the time of sampling on January 31, the surface temperature was 
-0.7° C, while at the 80-cm depth the temperature was 2.0° C (Table 12). 
The frozen and unfrozen zones had temperature gradients of 0.02 and 0.04° 
C/cm. The most significant increases in the amounts of moisture and 
NO3-N in the columns sampled January 31 over those sampled January 3 were 
in the 20-24 cm layer. This may have been caused by the effect of 
further surface cooling, and the consequent deepening of the soil frost 
from 20 to 32 cm. This increase plus a slight moisture increase in some 
of the layers in the frozen zone totalled 0.4 cm, which was twice the 
amount gained by columns sampled January 3. The average rate of upward 
moisture movement across the 40-cm plane was 0.0087 cm/day. The increase 
in total NO3-N in the upper half (6.4 mg) was about 1.5 times the amount 
gained by columns sampled January 3 (Table 1). However, the peak 
moisture content still remained in the same position at the 12-14 cm 
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Table 8. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
columns sampled on January 3, 1986 (63 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 0.0 
2.0 0.0 26.5 162.8 7.80 
6.0 0.0 27.5 168.1 8.40 
10.0 0.0 29.5 177.9 9.51 
14.0 0.0 35.5 187.3 12.05 
18.0 0.2 33.5 134.1 8.16 
22.0 0.3 23.7 155.1 6.67 
26.0 0.5 23.9 154.0 6.68 
30.0 0.7 24.3 153.3 6.69 
34.0 0.9 24.8 151.8 6.83 
38.0 1.1 24.8 153.6 6.84 
42.0 1.3 25.0 153.9 6.98 
46.0 1.5 25.0 155.6 6.99 
50.0 1.7 25.1 156.6 7.13 
54.0 1.8 25.0 158.9 7.21 
58.0 2.0 25.3 158.8 7.22 
62.0 2.2 25.4 159.7 7.36 
66.0 2.3 25.4 161.4 7.44 
70.0 2,5 25.7 161.1 7.51 • 
74.0 2.7 25.6 163.4 7.52 
78.0 2,8 25.5 165.6 7.66 
82.0 3,0 25.8 164.2 7.67 
86.0 3.2 26.0 162.2 7.63 
Total 168.30 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 9. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil column sampled on January 3, 
1986 (63 days after burial) 
Depth Soil moisture NO3-N cone. Total NO3-N 
cm % cm % % mg 
2.0 0.38 0.004 1 .56 1.96 0.15 
6.0 4.17 0.044 5 .06 9.80 0.75 
10.0 11.74 0.124 11.19 24.31 1.86 
14.0 34.47 0.364 17 .06 57.52 4.40 
18.0 26.89 0.284 -16 .19 6.67 0.51 
22.0 -10.23 -0.108 -3 .06 -12.80 -0.98 
26.0 -9.47 -0.100 -3 .72 -12.67 -0.97 
30.0 -7.95 -0.084 -4 .17 -11.62 -0.89 
34.0 -6.06 -0.064 -5, .13 -10.71 -0.82 
38.0 -6.06 -0.064 -4, .02 -9.66 -0.74 
42.0 -5.30 -0.056 -3, .82 -8.75 -0.67 
46,0 -5.30 -0.056 -2. ,72 -7.70 -0.59 
50.0 -4.92 -0.052 -2. ,15 -6.79 -0.52 
54.0 -5.30 -0.056 -0. 66 -5.74 -0.44 
58.0 -4.17 -0.044 -0. 75 -4.70 -0.36 
62.0 -3.79 -0.040 -0. 19 -3.78 -0.29 
66.0 -3.79 -0.040 0. 90 -2.74 -0.21 
70.0 -2.65 -0.028 0. 66 -1.82 -0.14 
74.0 -3.03 -0.032 2. 13 -0.78 -0.06 
78.0 -3.41 -0.036 3.47 0.14 0.01 
82.0 -2.27 -0.024 2. 63 0.26 0.02 
86.0 -1.64 -0.016 1. 45 -0.26 -0.02 
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Table 10. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
columns sampled on January 17, 1986 (77 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm 'C % by vol. mg/l mg 
1.0 0.0 
2.0 0.0 27.5 163.5 8,14 
6.0 0.0 28.0 177.8 9,00 
10.0 0.0 30.1 185.8 10.14 
14.0 0.0 34.8 192.3 12.12 
18.0 0.1 34.6 122.2 7.65 
22.0 0.2 26.2 143,5 6,80 
26.0 0.3 24.7 149.3 6.68 
30.0 0.4 24.8 152.0 6.84 
34.0 0.5 24.6 154.0 6.86 
38.0 0.7 23.4 159.1 6.74 
.42.0 0.8 24.6 154.2 6.87 
46.0 0.9 24.8 154,0 6,93 
50.0 1.0 25.0 155.5 7.03 
54.0 1.2 25.4 156.4 7.20 
58.0 1.3 25.2 157.2 7.17 
62.0 1.5 25.3 159.8 7.33 
66.0 1.6 25.3 161.7 7.41 
70.0 1.8 25.2 163.8 7.47 
74.0 1.9 25.2 166,7 7.61 
78.0 2.1 25.4 164,5 7.58 
82.0 2.2 25.3 160.7 7.37 
86.0 2.4 25.4 159.9 7.37 
Total 168.30 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 11. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil columns sampled on 
January 17, 1986 (77 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 4.07 0.043 2.20 6.36 0.49 
6.0 5.89 0.062 11.15 17.70 1.35 
10.0 14.07 0.149 16.16 32.50 2.49 
14.0 31.80 0.336 20.17 58.38 4.47 
18.0 30.89 0.326 -23.60 0.00 0.00 
22.0 -0.93 -0.010 -10.28 -11.12 -0.85 
26.0 -6.38 -0.067 -6.70 -12.66 -0.97 
30.0 -5.93 -0.063 -4.98 -10.62 -0.81 
34.0 -6.84 -0.072 -3.74 -10.33 -0.79 
38.0 -11.38 -0.120 -0.55 -11.87 -0.91 
42.0 -6.84 -0.072 -3.60 -10.20 -0.78 
46.0 -5.93 -0.063 -3.77 -9.47 -0.72 
50.0 -5.48 -0.058 -2.81 -8.13 -0.62 
54.0 -3.66 -0.039 -2.25 -5.83 -0.45 
58.0 -4.57 T0.048 -1.73 -6.22 -0.48 
62.0 -4.11 -0.043 -0.12 -4.23 -0.32 
66.0 -4.11 -0.043 1.06 -3.10 -0.24 
70.0 -4.57 -0.048 2.38 -2.30 -0.18 
74.0 -4.57 -0.048 4.20 -0.56 -0.04 
78.0 -3.66 -0.039 2.82 -0.94 -0.07 
82.0 -4.11 -0.043 0.43 -3.70 -0.28 
86.0 -3.66 -0.039 -0,04 -3.69 -0.28 
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Table 12. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
columns sampled on January 31, 1986 (91 days after burial) 
Soil depth Temperature^  M. content NO3-N cone. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 -0.7 
2.0 -0.7 27.2 163.6 8.06 
6.0 -0.6 27.4 171.2 8.51 
10.0 -0.5 31.2 195.4 11.07 
14.0 -0.4 33.4 179.9 10.90 
18.0 -0.3 31.8 168.8 9.75 
22.0 -0.3 30.0 139.7 7.61 
26.0 -0.1 25.1 153.6 7.00 
30.0 0.0 25.8 141.4 6.63 
34.0 0.1 26.7 138.0 6.68 
38.0 0.2 25.4 146.3 6.73 
42.0 0.3 23.3 160.3 6.78 
46.0 0.4 22.8 164.8 6.83 
50.0 0.5 23.7 160.2 6.88 
54.0 0.7 24.2 158.1 6.93 
58.0 0.8 24.5 156.9 6.98 
62.0 1.0 24.8 156.5 7.03 
66.0 1.2 24.8 157.6 7.08 
70.0 1.4 24.8 158.7 7.13 
74.0 1.5 25.0 158.3 7.18 
78.0 1.7 25.2 157.9 7.23 
82.0 1.9 25.4 158.2 7.28 
86.0 2.0 25.7 161.0 7.49 
Total 168.30 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 13. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil columns sampled January 
31, 1986 (91 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 3 .03 0.032 2.25 5.36 0.41 
6.0 3 .79 0.040 7.00 11.24 0.86 
10.0 18 .18 0.192 22.13 44.71 3.42 
14.0 26 .52 0.280 12.44 42.48 3.25 
18.0 20 .45 0.216 5.50 27.45 2.10 
22.0 13 .64 0.144 -12.69 -0.52 -0.04 
26.0 -4 .92 -0.052 -4.00 -8.50 -0.65 
30.0 -2 .27 -0.024 -11.62 -13.33 -1.02 
34.0 1 ,14 0.012 -13.75 -12.68 -0.97 
38.0 -3; .79 -0.040 -8.56 -12.03 -0.92 
42.0 -11, ,74 -0.124 0.19 -11.37 -0.87 
46.0 -13, ,64 -0.144 3.00 -10.72 -0.82 
50.0 -10, ,23 -0.108 0.12 -10.07 -0.77 
54.0 -8, ,33 -0.088 -1.19 -9.41 -0.72 
58.0 -7. ,20 -0.076 -1.94 -8.76 -0.67 
62.0 -6. 06 -0.064 -2.19 -8.10 -0.62 
66.0 -6. 06 -0.064 -1.50 . -7.45 -0.57 
70.0 -6. 06 -0.064 -0.81 -6.80 -0.52 
74.0 -5. 30 -0.056 -1.06 -6.14 -0.47 
78.0 -4. 55 -0.048 -1.31 -5.49 -0.42 
82.0 -3. 79 -0.040 -1.13 -4.84 -0.37 
86.0 -3. 03 -0.Ô28 0.63 -2.09 -0.16 
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layer, indicating that a drastic increase in the frost depth did not 
shift the location of the peak moisture, 
February sampling Tables 14 to 17, and Figures 5 and 6 show the 
results of freezing conditions for the February columns. Warmer air and 
small diurnal temperature ranges caused the surface soil temperature to 
stay at 0° C during the first week of February. An accumulated snow 
depth of about 15 cm, resulting from a snow storm on February 5, 6, and 
7, essentially covered the soil surface up to the third week of February. 
Most of the time from February 11 to the end of the month, temperature in 
the surface soil of the closed columns stayed at or below 0° C. 
During sampling on February 14, 1986, the surface temperature was 
-0.3° C, and at the 86-cm depth the temperature had decreased to 1.7° C. 
The average temperature gradients in the frozen and unfrozen zones also 
decreased to 0.014 and 0.033° C/cm, A significant moisture increase of 
0.23 cm (11% gain) in the 28-36 cm layer of the columns sampled February 
14, over those sampled January 31, was observed when the soil frost went 
4 cm deeper, while no increase in moisture content was observed within 
the 28-cm depth of the frozen zone (Table 14). This accumulation had 
caused another moisture content peak (31%) in the 32-36 layer, where the 
freezing front was now located. NO3-N concentrations and amounts also 
increased in the 28-36 cm resulting from movement of liquid phase 
moisture. The increase in the amount of NO3-N in the 28-36 cm layer was 
4.9 mg compared to an increase of only 2.5 mg within the 28 cm depth from 
January 31 to February 14. This shows that in the colder end of the 
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Table 14. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
column sampled on February 14, 1986 (105 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 -0.3 
2.0 -0.2 26.5 163,6 7.87 
6.0 -0.1 26.9 178.0 8.68 
10.0 -0.1 29.1 184.0 9.69 
14.0 -0.1 29.9 223.0 12.08 
18.0 -0.1 36.0 183.9 12.00 
22.0 0.0 31.0 138.0 7.75 
26.0 0.0 25.0 159.0 7.20 
30.0 0.0 27.4 170.3 8.45 
34.0 0.0 31.0 174.0 9.76 
38.0 0,1 25.5 145.9 6.73 
42.0 0,2 22,5 142.5 5.80 
46.0 0.3 23,5 142.0 6.06 
50,0 0.5 23.8 147.3 6.34 
54.0 0.6 24.1 144.4 6.32 
58.0 0.7 24.3 146.5 6.44 
62.0 0.9 24.7 148.2 6.64 
66.0 1.0 24.9 145.2 6.54 
70.0 1,1 24,5 156.5 6.95 
74.0 1,3 24,5 151.9 6.74 
78.0 1,4 25,1 152.4 6.93 
82.0 1.5 25,1 144,4 6.57 
86.0 1.7 25,5 147,3 6.79 
Total 168.30 
Mean 26,4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 15. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil column sampled on February 
14, 1986 (105 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 0.56 0.006 2.27 2 .84 0.22 
6.0 1.92 0.020 11.27 13 .41 1.03 
10.0 10.10 0.107 15.00 26 .61 2.04 
14.0 13.29 0.140 39.39 57 .91 4.43 
18.0 36.47 0.385 14.93 56 .84 4.35 
22.0 17.38 0.183 -13.74 1 .25 0.10 
26.0 -5.35 -0.057 -0.62 -5 .94 -0.45 
30.0 3.74 0.039 6.45 10.43 0.80 
34.0 17.38 0.183 8.73 27 .62 2.11 
38.0 -3.53 -0.037 -8.83 -12 .05 -0.92 
42.0 -14.90 -0.157 -10.91 -24 .18 -1.85 
46.0 -10.81 -0.114 -11.25 -20 .84 -1.59 
50.0 -9.90 -0.105 -7.96 -17, .07 -1.31 
54.0 -8.53 -0.090 -9.73 -17, .44 -1.33 
58.0 -8.08 -0.085 -8.46 -15, .85 -1.21 
62.0 -6.26 -0.066 -7.35 -13, ,15 -1.01 
66.0 -5.81 -0.061 -9.23 -14, ,50 -1.11 
70.0 -7.17 -0.076 -2.18 -9, ,19 -0.70 
74.0 -7.17 -0.076 -5.06 -11. ,87 -0.91 
78.0 -4.90 -0.052 -4.77 -9. 44 -0.72 
82.0 -4.90 -0.052 -9.76 -14. 18 -1.08 
86.0 -3.53 -0.037 -7.96 -11. 21 -0.86 
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Table 16. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
column sampled February 28, 1986 (119 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 -1.1 
2.0 -1.1 26.6 167.7 8.09 
6.0 -0.9 26.5 169.5 8.16 
10.0 -0.7 28.4 180.4 9.29 
14.0 -0.5 31.8 215.0 12.40 
18.0 -0.3 36.0 207.3 13.55 
22.0 -0.2 31.0 123.2 6.94 
26.0 -0.2 24.7 152.6 6.84 
30.0 -0.1 26.2 176.6 8.40 
34.0 -0.1 32.5 184.4 10.89 
38.0 0.0 27.0 153.8 7.53 
42.0 0.1 22.1 159.0 6.38 
46.0 0.2 23.1 131.0 5.49 
50.0 0.3 23.4 132.8 5.64 
54.0 0.4 23.7 134.5 5.78 
58.0 0.5 23.7 137.6 5.92 
62.0 0.6 24.0 139.0 6.06 
66.0 0.7 24.0 142.3 6.20 
70.0 0.8 24.0 145.7 6.34 
74.0 0.9 24.0 149.0 6.48 
78.0 1.0 24.2 150.8 6.63 
82.0 1.1 24.2 156.3 • 6.85 
Total 168.30 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 17. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil column sampled on 
February 28, 1986 (119 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 0.76 0.008 4.81 5,75 0,44 
6.0 0.38 0.004 5.94 6,67 0,51 
10.0 7.58 0.080 12.75 21.44 1,64 
14.0 20.45 0.216 34.38 62,09 4,75 
18.0 36.36 0.384 29.56 77.12 5.90 
22.0 17.42 0.184 -23.00 -9.28 -0,71 
26.0 -6.44 -0.068 -4.63 -10,59 -0,81 
30.0 -0.76 -0.008 10.37 9,80 0,75 
34.0 23.11 0.244 15.25 42,35 3,24 
38.0 2.27 0.024 -3.87 -1.57 -0,12 
42.0 -16.29 -0.172 -0.63 -16.60 -1,27 
46.0 -12.50 -0.132 -18.13 -28.24 -2,16 
50.0 -11.36 -0.120 -17.00 -26.27 -2.01 
54.0 -10.23 -0.108 . -15.94 -24.44 -1,87 
58.0 -10.23 -0.108 -14,00 -22,61 -1,73 
62.0 -9.09 -0.096 -13.13 -20,78 -1,59 
66.0 -9.09 -0.096 -11.06 -18,95 -1,45 
70.0 -9.09 -0.096 -8.94 -17,12 -1.31 
74.0 -9.09 -0.096 -6,88 -15,29 -1.17 
78.0 -8.33 -0.088 -5.75 -13,33 -1.02 
82.0 -8.33 -0.088 -5,75 -13,33 -1.02 
86.0 -8.33 -0.088 -2.31 -10,46 -0.08 
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frozen column little moisture moved toward the top layer, and that 
moisture tended only to accumulate near the frozen-unfrozen interface. 
At the end of the month soil frost had gone to the 40-cm depth, an 
additional 4 cm from February 14. By February 28, the temperature in the 
surface soil also went down to -1.1° C, while at the 86-cm depth the 
temperature dropped further to 1.1° C from that of the earlier February 
sampling. This caused the temperature gradient in the frozen zone to 
increase to 0.030° C/cm, and in the unfrozen zone to decrease to 0.025° 
C/cm (Figure 5, Tables 1 and 16). 
The distribution of moisture and NO3-N in the upper 32 cm of the 
frozen zone was similar with that of the February 14 sample. Only the 
32-40 cm layer showed a slight increase in moisture by 0.12 cm (5.8%) and 
total NO3-N by 1.9 mg (12.6%). 
Discussion of closed column changes under freezing conditions 
Results from all columns with soil initially at 26.4% moisture content 
indicate that under freezing conditions with the presence of a frozen 
zone in the soil, moisture tended to accumulate near or in the warmest 
layer of the frozen zone, that is, in the freezing layer. The soil layer 
immediately below this layer generally experienced the greatest moisture 
depletion. Depletion of moisture from the lower soil layers decreased as 
the distance of the layer below the interface increased. The results 
substantiated the findings of the laboratory portion of this study and 
the findings from other studies (Hoekstra, 1966; Penner, 1967; Loch and 
Kay, 1978; Globus and Nerpin, 1960; and others). 
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The distribution pattern of moisture in the frozen zone may depend 
upon the frost penetration rate. The rapid frost penetration (20 cm in 
seven days) that occurred between November 20 and November 27 and the 
subsequent freezing of the top layer to freezing and subfreezing 
temperatures may have solidified some or most of the moisture in the top 
layer. Solidification of water into ice may disrupt the interconnecting 
film or liquid molecules resulting in negligible liquid flow toward the 
top layer (Farouki, 1981). The amount of liquid phase moisture movement 
depends on the thickness of the liquid film which has been shown by 
Anderson and Hoekstra (1965) to change with temperature, below the 
freezing point, and to be nearly independent of water content. Because 
the liquid phase moisture content increases with increasing temperature 
(that is, toward the warmest layer of the frozen zone), accumulation of 
moisture should be expected to be a maximum in the freezing layer. The 
lack of accumulation of moisture in the top layer of the frozen zone may 
also indicate that vapor phase flow in this zone was negligible, 
confirming the finding in the laboratory experiment that vapor movement 
may not be important for wet soils. 
As frost penetrated downward, moisture continued to move upward and 
accumulate in the freezing layer. The amount of moisture accumulation in 
the freezing layer may depend on the length of time at which the frost 
stays at that depth and probably the magnitude of the temperature 
gradient in the unfrozen zone and the moisture gradient. Dirksen and 
Miller (1966) have shown that water flow in the unfrozen zone is mainly 
due to moisture content gradient. 
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Therefore, it seems that the rate at which the frost moves and 
length of time at which the frost stays at the same depth, which depends 
in part on the surface temperature, are factors that directly dictate the 
distribution pattern of moisture in the frozen zone. The non-linear 
(parabolic) pattern of increasing moisture content from the top layer to 
the maximum moisture content in the freezing layer, and the decreasing 
moisture content pattern from the freezing layer to the layer in the 
unfrozen zone that has the greatest moisture depletion may be the result 
of initially rapid frost movement (Trejo, 1946). In this study, rapid 
movement of frost from 20 cm to the 32-cm depth, which occurred between 
January 17 and January 31, followed by slow frost movement down to 40 cm 
may have caused the development of another moisture peak pattern below 
the first peak pattern, indicating the large influence of frost 
penetration on the redistribution of moisture in the frozen zone. 
Depletion of moisture from the bottom half of the column was almost 
uniform which indicates that suction of moisture from beyond the bottom 
would have occurred had the column been made longer. It also means that 
the capillary rise (or air entry value) of the soil column was greater 
than 88 cm. 
The NO3-N concentration and total NO3-N distributions seemed 
similar to the moisture content distribution, although the least 
concentrated solution was generally located in the layer immediately 
below the layer where peak moisture contents occurred. All columns 
exhibited a reduction in both moisture and NO3-N concentration in the 
unfrozen zone and a corresponding increase in NOg-N concentration in the 
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frozen zone which indicate that liquid phase flow dominated the vapor 
phase flow in the transfer of moisture toward the frozen zone. This 
result also confirms the finding of the laboratory portion of this study 
and the findings of Jones and Kohnke (1952) and Fuchs et al. (1978) that 
vapor phase flow is unimportant in soils where the moisture content is 
greater than 20%. 
The increase in NO3-N concentration in the frozen zone suggests that 
exclusion of NO3-N from the more stationary solution left behind also 
exists, thus enhancing accumulation of anions in the freezing zone. The 
NO3-N concentration distribution throughout the soil profile was similar 
to the distribution obtained by Campbell et al, (1970) in a similar 
experiment conducted in Canada, where they obtained a peak NO3-N 
concentration in the frozen zone which was 25% higher than the initial 
concentration. 
By the end of February, the amount of NO3-N migrating into the upper 
40 cm of the soil column increased by 20% (34 kg/ha) over the amount 
originally present. Therefore, in a closed and unsaturated soil column, 
winter conditions in Iowa, enhanced by the effect of anion exclusion from 
the soil solution, could be possibly beneficial in the recovery of some 
NO3-N already leached from the root zone of the crop. However, the fate 
of all the NO3-N present above the root zone could be affected by water 
movement as the result of the subsequent thaw, as noted in the next 
section. 
150 
Thawing conditions 
April sampling Because of missing data for the month of March, 
the process of thawing of the ice phase moisture in the closed columns 
was not closely observed. Figures 5 and 6, or Tables 1 and 18 to 21 
show the soil moisture content, NO3-N concentration, and total NO3-N 
distributions in the columns after thawing. 
The warming trend beginning in March 1986 caused the surface soil 
temperature to increase above 0° C, and the temperature gradient to 
reverse (temperature being higher in the upper layer than in the lower 
soil layer) so that all the frozen water in the column had thawed by 
April 11 as shown by the temperature and moisture distributions in 
Figure 5. Thawing caused moisture and NO3-N to redistribute in the soil 
column. 
The reversed temperature gradient with temperature in the soil 
profile above freezing, aided by the effects of gravity and moisture 
gradients during thawing contributed to the redistribution of soil 
moisture back to nearly the initial uniform distribution, as shown in 
Figure 5 or (Table 20). By April 28, only a small amount (2 mg or 3%) of 
the NO3-N that moved pass the 40-cm plane was retained in the upper 40 cm 
of the column. 
Discussion of closed column changes under thawing conditions 
Complete thawing of the soil frost redistributed moisture and NO3-N back 
to their initial distribution. The obtained results also agree with the 
findings from a similar experiment conducted in Canada by Campbell et al. 
(1970). Therefore, under a closed column condition, the net effect of 
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Table 18. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
column when sampled April 11, 1986 (161 days after burial 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 10.3 
2.0 10.3 25.8 157.8 7.40 
6.0 10.4 26.7 156,0 7.55 
10.0 10.6 25.2 169,3 7.75 
14.0 10.6 25.8 179.8 8.43 
18.0 10.6 25.8 177,1 8.30 
22.0 10.5 26.4 156,3 7.50 
26.0 10.3 26.9 142.1 6.93 
30.0 10.1 26.0 162,3 7.65 
34.0 9,9 26.4 182,3 8.73 
38.0 9,7 26,3 173.7 8.30 
42,0 9.5 26,4 157.0 7.54 
46,0 9.2 26,4 151,2 7.25 
50.0 9.0 27,0 152,1 7.46 
54.0 8,7 26,6 161,0 7.76 
58.0 8,4 26,6 156,2 7.55 
62.0 8.2 26,7 153,6 7.43 
66.0 8.1 26,7 151,3 7.32 
70.0 8.0 26,7 153,4 7.43 
74.0 7.8 26,6 153,9 7.44 
78.0 7.6 26,9 156,2 7.61 
82.0 7.4 26,6 159.2 7.67 
86.0 7.2 26,6 159.0 7.69 
Total 168,30 
Mean 26.4 160,0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 19. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil column sampled on April 11, 
1986 (161 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 -2.14 -0.024 -1.40 -3.32 -0.25 
6.0 1.04 0.012 -2.48 -1.27 -0.10 
10.0 -4.41 -0.018 5.84 1.36 0.10 
14.0 -2.14 -0.024 12.35 10.16 0.78 
18.0 -2.14 -0.024 10.67 8.51 0.65 
22.0 0.13 -0.000 -2.32 -2.00 -0.15 
26.0 1.81 0.020 -11.20 -9.42 -0.72 
30.0 -1.64 0.016 1.41 -0.06 0.00 
34.0 -0.10 -0.000 13.97 14.08 1.08 
38.0 -0.28 -0.004 8.57 8.48 0.65 
42.0 0,18 0.000 -1.84 -1.48 -0.11 
46.0 0.13 . 0.000 -5.48 -5.17 -0.40 
50.0 2.40 0.024 -4.96 -2.49 -0.19 
54.0 0.59 0.008 0.62 1.40 0.11 
58.0 0.86 0.008 -2.35 -1.32 -0.10 
62.0 0.95 0.012 -4.03 -2.93 -0.22 
66.0 1.00 0.012 -5.46 -4.33 -0.33 
70.0 1.09 0.012 -4.13 -2.90 -0.22 
74.0 0.90 0.008 -3.84 -2.78 -0.21 
78.0 1.77 0.020 -2.38 -0.47 -0.04 
82.0 0.76 0.008 -0.50 0.26 0.02 
86.0 0.76 0.008 -0.63 0.52 0.04 
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Table 20. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the closed soil 
column sampled on April 28, 1986 (178 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 16.8 
2.0 16.7 25.4 167.9 7.74 
6.0 16.4 26.2 161.1 7.67 
10.0 16.0 27.4 166.2 8.26 
14.0 15.6 26.2 172.0 8.19 
18.0 15.3 26.5 173.1 8.33 
22.0 14.9 26.6 161.5 7.80 
26.0 14.4 27.2 149.9 7.40 
30.0 13.8 26.3 148.9 7.11 
34.0 13.4 25.9 166.7 7.82 
38.0 12.9 25.9 173.9 8.17 
42.0 12.4 25.9 168.3 7.92 
46.0 11.9 26.1 154.7 7.32 
50.0 11.5 26.0 149.9 7.08 
54.0 11.1 26.1 152.6 7.23 
58.0 10.6 26.4 154.3 7.40 
62.0 10.3 26.3 156.4 7.46 
66.0 10.0 26.6 156.5 7.55 
70.0 9.8 26.5 156.1 7.46 
74,0 9.5 26.7 156.7 7.58 
78.0 9.3 26.7 155.5 7.56 
82.0 9.0 26.9 156.6 7.63 
86.0 8.8 27.0 156.6 7.66 
Total 168.30 
Mean 26.4 160.0 7.65 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 21, Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the closed soil column sampled on April 28, 
1986 (178 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 -3.79 -0.040 4.94 1.18 0.09 
6.0 -0.76 -0.008 0.69 0.26 0.02 
10.0 3.79 0.040 3.88 7.97 0.61 
14.0 -0.76 -0.008 7.50 7.06 0.54 
18.0 0.38 0.004 8.19 8.89 0.68 
22.0 0.76 0.008 0.94 1.96 0.15 
26.0 3.03 0.032 -6.31 -3.27 -0.25 
30.0 -0.38 -0.004 -6.94 -7.06 -0.54 
34.0 -1.89 -0.020 4.19 2.22 0.17 
38.0 -1.89 -0.020 8.63 6.80 0.52 
42.0 -1.89 -0.020 5.19 3.53 0.27 
46.0 -1.14 -0.012 -3.31 -4.31 -0.33 
50.0 -1.52 -0.016 -6.31 -7.45 -0.57 
54.0 -1.14 -0.012 -4.63 -5.49 -0.42 
58.0 0.00 0.000 -3.56 -3.27 -0.25 
62.0 -0.38 -0.004 -2.25 -2.48 -0.19 
66.0 0.76 . 0.008 -2.19 -1.31 -0.10 
70.0 0.38 0.004 -2.44 -2.48 -0.19 
74.0 1.14 0.012 -2.06 -0.92 -0.07 
78.0 1.14 0.012 -2.81 -1.44 -0.11 
82.0 1.89 0.016 -2.13 -0.26 -0.02 
86.0 2.27 0.024 -2.13 0.13 0.01 
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winter freezing on NO3-N movement was not great after a complete freeze-
thaw cycle. 
Open Soil Columns 
Freezing conditions 
Figures 7 and 8, Tables 22 to 38 show the distribution of soil 
temperature, moisture contents, NO3-N concentrations and amounts in the 
open columns during winter freezing conditions. 
November sampling The initial conditions in the soil columns at 
the time of burial were similar to those of the closed columns. At the 
time of sampling on November 27, the temperature in the surface soil was 
-1.8° C while at the 86-cm depth the temperature was 5.3° C (Figure 7 or 
Table 23). Frost had penetrated to the 20-cm depth. The temperature 
gradients in the frozen and in the unfrozen zones were the same at 0.08° 
C/cm. 
In addition to any effects of freezing, a total rain of 0.9 cm that 
fell between November 1 and November 27 apparently contributed to the 
increase in moisture content in the top 10 cm of the columns sampled 
November 27 (Table 23). The moisture content (38%) was at a maximum in 
the top layer, decreased to a minimum moisture content of 25% in the 
16-24 cm layers, where maximum depletion was observed, then gradually 
increased with depth to 29.8% in the bottom layer. It was also apparent 
that moisture had entered the open bottom end of the column, possibly due 
to temperature and moisture gradients as seen by the slight increase in 
moisture content and the corresponding decrease in the NO3-N 
•2 
0 4" 
16 -
32 -
48 -
64 -
60 -
TEMPERATURE, DEC. C. 
6 10 16 
% MOISTURE CONTENT (BY VOL.) 
X. 
/ / / 
/ 
i 
22 20 
' u— 
O-Q-O 
INITIAL CONDITION 
DEC 6 
JAN 3 
30 
_L_ 
AO 
—L_ 
50 
,1. , 
•û-ûr-û JAN 31 
O - O — F E B  2 8  
APR 28 
60 
—L, 
Ln 
0\ 
Figure 7. Effect of field conditions on temperature and moisture content distributions of 
open columns for various sampling periods in the winter and spring of 1985-1986 
NOJ-N CONCENTRATION, MG/L 
75 ISO 
TOTAL NOg-N, MG. 
> 10 
/ 
E>43-0 
INITIAL CONDITION 
DEC 6 
JAN 3 
tF'àr-ii JAN 31 
FEB 28 
APR 28 
158 
Table 22. Summary of the effect of time and field conditions on the 
movement of moisture and NO3-N in the open soil columns 
Date of Sampling 
mo/dy/yr 
(days from burial) 
11/1/85 12/6/85 1/3/86 
(0) (35) (63) 
1/31/86 2/28/86 3/28/86 4/28/86 
(91) (119) (147) (178) 
Frost depth, cm 0.0 20.0 30.0 36.0 40.0 0 . 0  0 . 0  
Temperature gradient, ° C/cm 
Frozen 
Unfrozen 
0.000 
0.000 
0.005 
0.055 
0.024 0.150 0.024 
0.044 0.053 0.018 -0.147 •0.105 
Moisture 
Peak, % 
(Log., cm) 
Minimum, % 
(Loc., cm) 
Amt gain^ , 
(% gain^ ) 
Amt gain", 
(% gain^ ) 
cm 
cm 
26.4 
26.4 
0.00  
0.00  
0.00 
33.2 
(4-8) 
25.9 
(32-36) 
1.43 
(13.50) 
1.77 
(8.40) 
41.3 
(20-24) 
25.2 
(28-32) 
1.38 
(13.10) 
1,33 
(6.30) 
49.9 
(16-20) 
38.8 
(64-68) 
8 . 2 6  
(78.20) 
14.20 
(67.20) 
57.8 
(0-4) 
33.0 
(48-52) 
6 . 2 8  
(59.50) 
10.54 
(49.90) 
41.5 
(32-36) 
36.1 
(0-4) 
4.75 
(45.00) 
9.24 
(43.20) 
44.1 
(52-56) 
33.4 
(0-4) 
4.47 
(42.30) 
11.04 
(52.30) 
N03-N Concentration 
Peak, mg/L 
(Loc., cm) 
Min., mg/L 
(Loc., cm) 
% gain° 
% gain" 
160.00 168.80 197.10 197.10 222.20 232.00 162.30 
160.00 
0 .00  
0 .00  
(16-20) 
135.10 
(16-20) 
131.60 
(28-32) (20-24) 
2.80 39.20 
(28-32) (24-28) 
-5.30 -0.40 
-13.30 -5.80 
(0-4) 
-62.60 
-45.40 
(76-80) 
-4.10 
-15.60 
(40-44) 
33.90 
(0-4) 
-40.10 
-13.50 
(68-72) 
12.80 
(0-4) 
-79.40 
-36.80 
Total N03-N 
Peak, mg 
(Loc., cm) 
Min., mg 
(Loc., cm) 
Amt gain^ , 
(% gain^ ) 
. Amt gain", 
(% gainb) 
7. 65 9.10 11.66 15.92 18.42 16.46 12.99 
- (4-8) (20-24) (28-32) (32-36) (40-44) (68-72) 
7. 65 6.62 6.07 0.25 4.81 2.22 0.78 
- (28-32) (28-32) (0-4) (0-4) (0-4) (0-4) 
mg 0. 00 4.88 5.47 -18.14 49.94 5.08 -29.70 
0. 00 (6.40) (7.20)( -23.70) (65.30) (6.60)( -38.80) 
mg 0. 00 -8.97 0.48 -10.51 41.03 37.60 -0.61 
0. 00 (-5.90) (0.30) (-6.90) (26.80) (24.60) (-0.40) 
C^omputed for the top 40-cm of the soil profile. 
"Computed for the entire column height of 80-cm. 
C^omputed for the top 20-cm of the soil profile. 
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Table 23. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled November 27, 1985 (26 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 -1.8 
2.0 -1.7 37.9 155.7 10.69 
6.0 -1.1 31.2 156.4 8.84 
10.0 -0.6 30.5 152.3 8.41 
14.0 -0.4 28.4 150.0 7.73 
18.0 -0.1 25.0 144.7 6.54 
22.0 0.2 25.0 142.0 6.42 
26.0 0.6 25.7 147.4 6.86 
30.0 1.0 26.0 136.2 6.42 
34.0 1.3 26.5 135.5 6.51 
38.0 1.7 26.5 141.3 6.79 
42.0 2.1 26.9 147.6 7.19 
46.0 2.4 27.1 134.7 6.62 
50.0 2.8 27.1 133.4 6.55 
54.0 3.2 27.5 132.9 6.61 
58.0 3.5 27.4 140.8 6.98 
62.0 3.8 27.4 140.1 6.94 
66.0 4.1 27.7 - 150.8 7.57 
70.0 4.3 27.8 140.8 7.10 
74.0 4.5 28.0 141.6 7.17 
78.0 4.8 28.0 108.8 5.51 
82.0 5.0 28.9 100.5 5.26 
86.0 5.3 29.8 68.0 3.67 
Total 152.38 
Mean 28.0 136.3 6.93 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 24. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on November 27, 
1985 (26 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
• 2.0 43.6 
6.0 18.2 
10.0 15.5 
14.0 7.7 
18.0 -5.5 
22.0 -5.5 
26.0 -2.7 
30.0 -1.4 
34.0 0.5 
38.0 0.5 
42.0 1.8 
46.0 2.7 
50.0 2.7 
54.0 4.1 
58.0 3.6 
62.0 3.6 
66.0 5.0 
70.0 5.5 
74.0 5.9 
78.0 5.9 
82.0 9.5 
86.0 12.7 
0.461 -2.7 
0.192 -2.2 
0.163 -4.8 
0.082 -6.3 
-0.058 -9.6 
-0.058 -11.3 
-0.029 -7.9 
-0.014 -14.9 
0.005 -15.3 
0.005 -11.7 
0.019 -7.8 
0.029 -15.8 
0.029 -16.6 
0.043 -16.9 
0.038 -12.0 
0.038 -12.4 
0.053 -5.7 
0.058 -12.0 
0.062 -11.5 
0.062 -32.0 
0.101 -37.2 
0.134 -57.5 
39.8 3.04 
15.5 1.19 
9.9 0.76 
1.0 0.08 
-14.5 -1.11 
-16.1 -1.23 
-10.4 -0.79 
-16.0 -1..23 
-14.9 -1.14 
-11.3 -0.86 
-6.1 -0.46 
-13.5 -1.03 
-14.4 -1.10 
-13.5 -1.04 
-8.8 -0.67 
-9.3 -0.71 
-1.0 -0.08 
-7.2 -0.55 
-6.3 -0.48 
-28.0 -2.14 
-31.2 -2.39 
-52.1 -3.98 
Total 1.420 -15.92 
Mean 6.09 -14.73 -9.47 
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concentration in the lower end of the column. NO3-N concentration at the 
bottom layer (84-88 cm) was 68 mg/L. Despite the dilution of NO3-N ions 
in all layers, there was evidence of NO3-N movement toward the surface as 
seen by the slight increase in total NO3-N in the top 16 cm of the column 
(Tables 23 and 24). The upper half of the column gained 0.75 cm (7%) of 
moisture, but lost 1.3 mg (1.7%) of NP3-N. The total amount of moisture 
gained by the column was 1.4 cm (5% gain), while about 16 mg (9.5%) of 
NO3-N was apparently lost. 
December sampling The snow cover beginning December 1 caused the 
temperature of the surface soil to be maintained at or near 0° C 
throughout the rest of the month. During sampling on December 6, the 
temperature gradients in the frozen and unfrozen zones were 0 and 0.06° 
C/cm (Table 22). The temperature at the 86-cm depth had dropped to 
3.8° C. Snow depth was about 20 cm. 
Although the distribution of moisture showed evidence of upward 
moisture movement toward the surface, all the soil layers of the columns 
sampled December 6, except the top layer, gained moisture over that of 
the columns sampled November 27 (Figure 7, Tables 25 and 26). The 
decrease in moisture content in the top layer from 37.9% to 32.6 may have 
been due to evaporation/sublimation or redistribution within the soil 
profile. Although solution concentrations were lower than the initial 
concentration as a result of dilution, the total NO3-N in the frozen 
layers was higher than the initial total NO3-N, indicating that there was 
upward NO3-N movement with the liquid phase. All the layers below the 
28-cm depth did show decreasing total NO3-N amounts with depth. The 
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Table 25. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on December 6, 1985 (35 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 0.0 
2.0 0.0 32.6 146.9 8.70 
6.0 0.0 33.2 150.8 9.10 
10.0 0.0 31.7 145.7 8.38 
14,0 0,0 29.9 145.6 7.89 
18.0 0,0 30.4 168.8 9.30 
22.0 0,1 31.4 158.3 9.03 
26,0 0,3 31.4 143.7 8.20 
30,0 0,5 27.0 135.1 6.62 
34,0 0,7 25.9 149.3 7.02 
38.0 0.9 26.3 149.7 7.14 
42.0 1.1 26.6 139.4 6.74 
46.0 1.4 27.0 127.6 6.25 
50.0 1.6 26.8 141.2 6.86 
54.0 1.8 26,8 139.7 6,78 
58.0 2.1 26.6 131.1 6.34 
62.0 2.3 27.1 131.3 6.46 
66.0 2.6 27.2 122.8 6.07 
70.0 2.8 27.7 122.6 6.17 
74.0 3.0 28.3 121.2 6.23 
78.0 3.3 28.3 92.5 4.75 
82.0 3.5 28.4 57.8 2.98 
86.0 3.8 28.9 22.6 1.18 
Total 148,19 
Mean 28.6 130.1 6.74 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 26. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on December 6, 
1985 (35 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 23.48 0.248 -8.19 13.73 1.05 
6.0 25.76 0.272 -5.75 18.95 1.45 
10.0 20.08 0.212 -8.94 9.54 0.73 
14.0 13.26 0.140 -9.00 3.14 0.24 
18.0 15.15 0.160 5.50 21.57 1,65 
22.0 18.94 0.200 -1.06 18.04 1,38 
26.0 18.94 0.200 -10.19 7.19 0.55 
30.0 2.27 0.024 -15.56 -13.46 -1.03 
34.0 -1.89 -0.020 -6.69 -8.24 -0.63 
38.0 -0.38 -0.004 -6.44 -6.67 -0.51 
42,0 0.76 0.008 -12.87 -11.90 -0.91 
46.0 2.27 0.024 , -20.25 -18.30 -1.40 
50.0 1.52 0.016 -11.75 -10.33 -0.79 
54.0 1.52 0.016 -12.69 -11.37 -0.87 
58.0 0.76 0.008 -18.06 -17.12 -1.31 
62.0 2.65 0.028 -17.94 -15.56 -1.19 
66.0 3.03 0.032 -23.25 -20.65 -1.58 
70.0 4.92 0.052 -23.38 -19.35 -1.48 
74.0 7.20 0.076 -24.25 -18.56 -1.42 
78.0 7.20 0.076 -42.19 -37.91 -2.90 
82.0 7.60 0.080 -63.88 -61.05 -4.67 
86.0 9.47 0.100 -85.88 -84.58 -6.47 
Total 
Mean 
1.948 -20.11 
8.39 -18.85 -11.95 
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Table 27. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on December 20, 1985 (49 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 0.0 
2.0 0.0 33.1 143.7 8.62 
6.0 0.0 32.8 147.3 8.74 
10.0 0.0 30.1 150.8 8.23 
14.0 0.0 31.3 193.8 10.99 
18.0 0.0 40.4 144.7 10.60 
22.0 0.1 25.2 141.7 6.47 
26.0 0.3 25.7 149.9 6.97 
30.0 0.5 25.9 135.2 6.35 
34.0 0.7 26.2 131.0 6.21 
38.0 0.9 26.4 129.3 6.18 
42.0 1.1 26.6 122.1 5.89 
46.0 1.3 26.8 128.9 6.25 
50.0 1.6 26.9 130.9 6.37 
54.0 1.8 27.0 133.3 6.52 
58.0 2.0 27.2 139.9 6.90 
62.0 2.2 27.2 140.6 6.94 
66.0 2.4 27.5 144.8 7.21 
70.0 2.6 27.7 136.6 6.86 
74.0 2.9 28.0 116.0 5.87 
78.0 3.1 27.7 76.5 3.84 
82.0 3.3 28.6 42.6 2.20 
86.0 3.5 29.0 53.7 2.82 
Total 147.02 
Mean 28.5 129.4 6,68 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 28. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on December 20, 
1985 (49 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 25.5 0.269 -10.2 12.7 0.97 
6.0 24.1 0.254 -7.9 14.2 1.09 
10.0 14.1 0.149 -5.7 7.5 0.58 
14.0 18.6 0.197 21.1 43.7 3.34 
18.0 53.2 0.562 -9.6 38.5 2.95 
22.0 -4.5 -0.048 -11.4 -15.5 -1.18 
26.0 -2.7 -0.029 -6.3 -8.9 -0.68 
30.0 -1.8 -0.019 -15.5 -17.0 -1.30 
34.0 -0.9 -0.010 -18.1 -18.9 -1.44 
38.0 0.0 0.000 -19.2 -19.2 -1.47 
42.0 0.9 0.010 -23.7 -23.0 -1.76 
46.0 1.4 0.014 -19.4 -18.3 -1.40 
50.0 1.8 0.019 -18.2 -16.7 -1.28 
54.0 2.3 0.024 -16.7 -14.8 -1.13 
58.0 3.2 0.034 -12.6 -9.8 -0.75 
62.0 3.2 0.034 -12.1 -9.3 -0.71 
66.0 4.1 0.043 . -9.5 -5.8 -0.44 
70.0 5.0 0.053 -14.6 -10.4 -0.79 
74.0 5.9 0.062 -27.5 -23.2 -1.78 
78.0 5.0 0.053 -52.2 -49.8 -3.81 
82.0 8.2 0.086 -73.4 -71.2 -5.45 
86.0 10.0 0.106 -66.4 -63.1 -4.83 
Total 1.862 -21.28 
Mean 8.0 0.085 -19.5 -12.6 -0.97 
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upper half of the column gained 1.4 cm (13.5%) of moisture, and gained 
4.9 mg (6.4% or 10.8 kg/ha) of NO3-N. The entire column gained about 
2 cm (or 9.5%) of moisture, and apparently lost 20 mg (12% or 44 kg/ha) 
of NO3-N. 
The only significant change in moisture content in the columns 
sampled December 20 over those sampled December 6 was in the freezing 
layer (16-20 cm) where there was an increase of 0.4 cm (34% gain), and 
corresponding decreases in moisture contents in the layers immediately 
below this layer. This indicates that the increase was the result of 
upward moisture movement. Moisture gain in the upper half of the column 
was 1.3 cm (12.5%) for 50 days after burial. The whole column had gained 
1.9 cm of moisture. The maximum NO3-N concentration (194 mg/L) was 
observed in the layer right above the layer where the maximum moisture 
content was located. The upper half of the column gained 3.6 mg (4.7% or 
7.9 kg/ha) of NO3-N for 50 days after burial. The entire column, 
however, still was missing about 21 mg (12.2% or 45 kg/ha) of NO3-N. 
January sampling Frost penetration remained in the same depth 
(20 cm) from December 20 to January 3. Moisture distribution and amounts 
essentially remained constant but a slight increase in the NO3-N amount 
was observed, particularly in the unfrozen zone. The maximum NO3-N 
concentration of 194 mg/L was located in the layer (16-20 cm) right above 
the maximum moisture content (41%) (Figures 7 and 8, or Tables 22 and 
29). 
The freeze-thaw cycles that occurred in the second and third week of 
January completely melted the snow on the ground, and caused an increase 
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Table 29. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil 
columns sampled on January 3, 1986 (63 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 0.0 
2.0 0.0 33.2 143.0 8.60 
6.0 0.0 31.3 150.2 8.51 
10.0 0.0 29.3 155.3 8.24 
14.0 0.0 29.3 140.7 7.47 
18.0 0.0 29.6 193.6 10.38 
22.0 0.1 41.0 155.6 11.55 
26.0 0.3 29.5 123.2 6.58 
30.0 0.5 24.7 132.7 5.94 
34.0 0.6 25.1 137.6 6.26 
38.0 0.8 25.5 136.8 6.32 
42.0 1.0 25.6 135.4 6,28 
46.0 1.2 26.1 137.0 6.48 
50.0 1.4 26.3 135.2 6.44 
54.0 1.6 26.3 136.9 6.52 
58.0 1.8 26.2 146.9 6.97 
62.0 2.0 26.2 148.4 7.04 
66.0 2.2 26.2 146.4 6.95 
70.0 2.3 26.6 147.0 7.08 
74.0 2.5 26.6 146.7 7.07 
78.0 2.7 26.8 126.3 6.13 
82.0 2.9 27.0 98.6 4.82 
86.0 3.0 27.2 43.2 2.13 
Total 153.74 
Mean 27.98 137.9 6.99 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 30. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on January 3, 
1986 (63 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 25.8 0.272 -10.6 12.4 0.95 
6.0 18.6 0.196 -6.1 11.3 0.86 
10.0 11.0 0.116 -2.9 7.7 0.59 
14.0 11.0 0.116 -12.1 -2.4 -0.18 
18.0 12.1 0.128 21.0 35.7 2.73 
22.0 55.3 0.584 -2.8 51.0 3.90 
26.0 11.7 0.124 -23.0 -14.0 -1.07 
30.0 -6.4 -0.068 -17.1 -22.4 -1.71 
34.0 -4.9 -0.052 -14.0 -18.2 -1.39 
38.0 -3.4 -0.036 -14.5 -17.4 -1.33 
42.0 -3.0 -0.032 -15.4 -17.9 -1.37 
46.0 -1.1 -0.012 -14.4 -15.3 -1.17 
50.0 -0.4 -0.004 -15.5 -15.8 -1.21 
54.0 -0.4 -0.004 -14.4 -14.8 -1.13 
58.0 -0.8 -0.008 -8.2 -8.9 -0.68 
62.0 -0.8 -0.008 -7.2 -8.0 -0;61 
66.0 -0.8 -0.008 -8.5 -9.2 -0.70 
70.0 0.8 0.008 -8.1 -7.4 -0.57 
74.0 0.8 0.008 -8.3 -7.6 -0.58 
78.0 1.5 0.016 -21.1 -19.9 -1.52 
82.0 2.3 0.024 -38.4 -37.0 -2.83 
86.0 3.0 0.032 -73.0 -72.2 -5.52 
Total 1.392 -14.56 
Mean 6.0 0.063 -14.3 -8.6 -0.66 
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Table 31. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on January 17, 1986 (77 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 0.1 
2.0 0.1 51,0 56.0 5.17 
6.0 0.1 39.4 128.9 9.19 
10.0 0.1 37.7 177.5 12.11 
14.0 0.1 37.9 172.8 11.87 
18.0 0.1 42.6 122.9 9.48 
22.0 0.2 40.6 129.3 9.50 
26.0 0.3 34.2 120.7 7.48 
30.0 0.4 28.4 120.9 6.23 
34.0 0.5 27.6 126.5 6.32 
38.0 0.6 27.8 120.2 6.06 
42.0 0.8 28.0 131.6 6.66 
46.0 0.9 28.2 130.8 6.68 
50.0 1.1 28.0 115.0 5.82 
54.0 1.3 31.0 116.1 6,51 
58.0 1.4 28.7 144.1 7.48 
62.0 1.6 28.8 129.5 6.75 
66.0 1.7 28.9 119.5 6.26 
70.0 1.9 29.8 94.2 5.08 
74.0 2.0 30.1 65.1 3.55 
78.0 2.2 30.8 48.0 2.68 
82.0 2.3 31.7 30.6 1.76 
86.0 2.5 32.6 23.5 1.39 
Total 144.03 
Mean 32.9 109.7 6.55 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 32. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on January 17, 
1986 (77 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 93.2 0.984 -65.0 -32.4 -2.48 
6.0 49.1 0.518 -19.4 20.1 1.54 
10.0 42.7 0.451 10.9 58.3 4.46 
14.0 43.6 0.461 8.0 55.1 4.22 
18.0 61.4 0.648 -23.2 23.9 1.83 
22.0 53.6 0.566 , -19.2 24.2 1.85 
26.0 29.5 0.312 -24.6 -2.3 -0.17 
30.0 7.7 0.082 -24.4 -18.6 -1.42 
34.0 4.5 0.048 -20.9 -17.3 -1.33 
38.0 5.5 0.058 -24.9 -20.8 -1.59 
42.0 5.9 0.062 -17.8 -12.9 -0.99 
46.0 6.8 0.072 -18.2 -12.7 -0.97 
50.0 5.9 0.062 -28.1 -23.9 -1.83 
54.0 17.3 0.182 -27.4 -14.9 -1.14 
58.0 8.6 0.091 -9.9 -2.2 -0.17 
62.0 9.1 0.096 -19.1 -11.7 -0.90 
66.0 9.5 0.101 -25.3 -18.2 -1.39 
70.0 12.7 0.134 -41.1 -33.6 -2.57 
74.0 14.1 0.149 -59.3 -53.6 -4.10 
78.0 16.8 0.178 -70.0 -65.0 -4.97 
82.0 20.0 0.211 -80.9 -77.1 -5.89 
86.0 23.6 0.250 -85.3 -81.8 -6.26 
Total 5.72 -24.27 
Mean 24.6 -31.14 -12,21 
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Table 33. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled January 31, 1986 (91 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "c % by vol. mg/L mg 
1.0 -0.9 
2.0 -0.9 49.1 2.8 0.25 
6.0 -0.9 46.0 8.2 0.69 
10.0 -0.9 47.9 46.7 4.06 
14.0 -0.7 47.1 115.0 9.82 
18.0 -0.6 49.9 126.3 11.43 
22.0 -0.4 46.9 131.9 11.22 
26.0 -0.3 44.3 186.8 15.01 
30.0 -0.2 44.5 197.1 15.92 
34.0 -0.1 46.5 160.6 13.56 
38.0 0.0 48.3 144.6 12.68 
42.0 0.2 44.7 133.5 10.83 
46.0 0.3 41.9 128.2 9.74 
50.0 0.4 41.6 108.5 8.18 
54.0 0.6 41.5 73.1 5.50 
58.0 0.8 42.6 46.5 3.59 
62.0 0.9 41.2 38.1 2.85 
66.0 1.1 38.8 35.0 2.47 
70.0 1.3 40.1 31.5 2.29 
74.0 1.5 39.7 20.4 1.47 
78.0 1.7 40.5 15.0 1.10 
82.0 1.8 41.6 16.0 1.21 
86.0 2.0 37.8 11.1 0.76 
Total 144.61 
Mean 43.75 83.0 6.57 
^•Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 34, Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on 
January 31, 1986 (91 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 85.86 0.907 -98.24 -96.72 -7.40 
6.0 74.27 0.784 -94.86 -91.02 -6.96 
10.0 81.45 0.860 -70.79 -46.90 -3.59 
14.0 78.36 0.828 -28.15 28.40 2.17 
18.0 88.91 0.939 -21.09 49.36 3.78 
22.0 77.55 0.819 -17.58 46.63 3.57 
26.0 67.68 0.715 16.77 96.18 7.36 
30.0 68.55 0.724 23.20 108.05 8.27 
34.0 76.18 0.804 0.39 77.21 5.91 
38.0 83.00 0.876 -9.63 65.71 5.03 
42.0 69.32 0.732 -16.58 41.52 3.18 
46.0 58.55 0.618 -19.86 27.30 2.09 
50.0 57.45 0.607 -32.19 6.97 0,53 
54.0 57.09 0.603 -54.31 -28.09 -2,15 
58.0 61.41 0.648 -70.94 -53.01 -4.06 
62.0 56.23 0.594 -76.21 -62.77 -4.80 
66.0 47.09 0.497 -78.13 -67.76 -5.18 
70.0 51.86 0.548 -80.30 -70.02 -5.36 
74.0 50.32 0.531 -87.28 -80.84 -6.18 
78.0 53.32 0.563 -91.88 -87.53 -6.70 
82.0 57.58 0.608 -90.00 -84.18 -6.44 
86.0 43.18 0.456 -93.06 -90.07 -6.89 
Total 15.26 -23.84 
Mean 65.69 -49.58 -14.17 
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in moisture contents in all layers as shown by the moisture distribution 
of the columns sampled January 17 (77 days after burial). The surface 
temperature had risen to 0.1° C at the time of sampling. There was a 
corresponding decrease in the NO3-N concentrations in all layers, with 
the maximum NO3-N concentration of 177 mg/L located in the 8-12 cm layer 
(Tables 31 and 32). The upper half of the columns gained 4.7 cm (44%) of 
moisture, and gained 7 mg (9% or 15 kg/ha) of NO3-N. The entire column, 
however, gained 5.7 cm (25%) of moisture, and was still missing 24 mg 
(14% or 53 kg/ha) of NO3-N (Table 32). 
The temperature dropped to below 0° C in the upper 36 cm of the soil 
column by the end of the month. At the time of sampling on January 31 
(91 days after burial), the surface temperature was -0.9° C while at the 
86-cm depth it was 2° C (Figure 7 or Table 33). The temperature 
gradients in the frozen and unfrozen zones were 0.024 and 0.044° C/cm, 
respectively (Table 22). Most notable of the changes in the columns 
sampled January 31 was the significant increase in moisture contents in 
all soil layers to near 40% and over, particularly in the frozen zone 
where moisture contents as high as 50% were observed. The high moisture 
content of 49% in the top layer could be expected as a result of 
infiltration from melted water. These values exceeded the saturated 
moisture content of the soil, indicating that ice lens may have formed. 
Infiltrated water may have displaced NO3-N ions, concentrated by 
partial freezing, toward the lower part of the frozen zone where 
concentrations as high as 197 mg/L were observed. Upward NO3-N movement 
may have again contributed to the accumulation of total NO3-N in the 
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lower part of the frozen zone. Although NO3-N concentrations in the 
unfrozen layers decreased from January 17 to 31 due to dilution from 
water moving into the bottom of the column, concentrations in the 
24-36 cm of the January 31 columns correspondingly increased as a result 
of anion exclusion and infiltration of a relatively concentrated solution 
during the freeze-thaw cycles. The upper half of the columns sampled 
January 31 indicated a moisture increase of 8.3 cm (78%), and a NO3-N 
gain of 18 mg (24% or 40 kg/ha). The entire column gained 15 cm (66%) of 
moisture, and was still missing 24 mg (14% or 52 kg/ha) of NO3-N 
(Table 34). With reference to the January 17 columns, the total NO3-N in 
the column remained the same indicating that there was essentially no 
loss of NO3-N probably as a result of cooling toward the end of January. 
February sampling A snowfall of about 15 cm depth that occurred 
in the first week of February essentially covered the soil surface until 
the end of the third week of February, causing the surface temperature to 
increase slightly to -0.6° C and the frost to recede to the 28-cm depth 
by February 14. The bottom layer temperature had decreased to 1.8° C at 
the time of sampling. 
The distribution of moisture changed slightly from January 31, which 
indicated that leaching may have occurred from the unfrozen zone, as the 
frost line receded (Table 35). There was a large reduction in moisture 
content in the lower half of the columns sampled February 14, and a 
maximum NO3-N concentration of 208 mg/L was observed just above the 
layers with lowered moisture contents. The upper half of the column 
gained 7.4 cm (70%) of moisture, and gained 18 mg (24% or 40 kg/ha) of 
175 
Table 35. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on February 14, 1986 (105 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 -0.6 
2.0 -0.6 49.9 33.5 3.03 
6.0 -0.4 46.0 67.9 5.65 
10.0 -0.3 46.1 104.0 8.68 
14.0 -0.2 47.3 126.3 10.81 
18.0 -0.1 45.2 83.2 6.82 
22.0 0.0 41.2 66.5 4.96 
26.0 0.0 36.5 110.7 7.31 
30.0 0.1 42.0 181.2 13.78 
34.0 0.1 48.0 201.9 17.55 
38.0 0.1 47.2 186.3 15.91 
42.0 0.2 37.1 207.5 13.93 
46.0 0.3 33.4 203.2 12.28 
50.0 0.5 33.1 183.6 11.01 
54.0 0.6 33.5 161.6 9.80 
58.0 0.7 33.8 143.8 8.81 
62.0 0.9 34.7 116.6 7.32 
66.0 1.0 35.8 105.8 6.85 
70.0 1.2 36.6 97.2 6.44 
74.0 1.3 37.8 79.2 5.42 
78.0 1.5 40.2 64.6 4.70 
82.0 1.6 41.6 52.4 3.95 
86.0 1.8 42.7 42.3 3.27 
Total 188.28 
Mean 40.4 116.6 9.41 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 36. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on February 14, 
1986 (105 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 89.1 
6.0 74.1 
10.0 74.5 
14.0 79.1 
18.0 71.4 
22.0 55.9 
26.0 38.2 
30.0 59.1 
34.0 81.8 
38.0 78.6 
42.0 40.5 
46.0 26.4 
50.0 25.5 
54.0 26.8 
58.0 28.2 
62.0 31.4 
66.0 35.5 
70.0 38.6 
74.0 43.2 
78.0 52.3 
82.0 57.7 
86.0 61.8 
0.941 -79.1 
0.782 -57.6 
0.787 .35.0 
0.835 -21.1 
0.754 -48.0 
0.590 -58.4 
0.403 -30.8 
0.624 13.2 
0.864 26.2 
0.830 16.4 
0.427 29.7 
0.278 27.0 
0.269 14.7 
0.283 1.0 
0.298 -10.1 
0.331 -27.1 
0.374 -33.9 
0.408 -39.2 
0.456 -50.5 
0.552 -59.6 
0.610 -67.3 
0.653 -73.6 
-60.4 -4.62 
-26.1 -2.00 
13.5 1.03 
41.4 3.16 
-10.9 -0.83 
-35.2 -2.69 
-4.4 -0.34 
80.2 6.13 
129.4 9.90 
108.0 8.26 
82.2 6.28 
60.5 4.63 
44.0 3.36 
28.1 2.15 
15.2 1.16 
-4.3 -0.33 
-10.4 -0.80 
-15.8 -1.21 
-29.1 -2.23 
-38.5 -2.95 
-48.3 -3.70 
-57.2 -4.38 
Total 12.350 19.98 
Mean 53.2 -25.6 11.9 
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Table 37. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on February 28, 1986 (119 days after burial) 
Soil depth Temperature* M. content NO3-N cone. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 -0.8 
2.0 -0.8 57.8 45.8 4.81 
6.0 -0.9 36.2 144.3 9.49 
10.0 -0.9 33.6 179.2 10.93 
14.0 -0.6 33.2 190.4 11.48 
18.0 -0.3 35.8 207.6 13.47 
22.0 -0.2 42.5 222.2 17.13 
26.0 -0.1 48.2 137.8 12.06 
30.0 -0.1 45.2 150.6 12.36 
34.0 0.0 40.7 220.7 16.29 
38.0 0.0 47.7 212.9 18.42 
42.0 0.1 50.0 130.3 11.83 
46.0 0.2 38.2 152.6 10.57 
50.0 0.3 33.0 150.3 9.00 
54.0 0.3 33.1 136.1 8.18 
58.0 0.4 34.2 114.7 7.12 
62.0 0.4 35.2 96.7 6.17 
66.0 0.5 35.5 73.4 4.73 
70.0 0.6 36.1 62.1 4.07 
74.0 0.7 37.0 47.8 3.21 
78.0 0.8 38.2 39.2 2.71 
82.0 0.9 39.0 33.2 2.35 
86.0 1.0 42.7 32.4 2.51 
Total 198.89 
Mean 39.69 125.8 9.04 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 38. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil column sampled on 
February 28, 1986 (119 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 118.94 
6.0 37.12 
10.0 27.27 
14.0 25.76 
18.0 35.61 
22.0 60.98 
26.0 82.58 
30.0 71.21 
34.0 54.17 
38.0 80.68 
42.0 89.39 
46.0 44.70 
50.0 25.00 
54.0 25.38 
58.0 29.55 
62.0 33.33 
66.0 34.47 
70.0 36.74 
74.0 40.15 
78.0 44.70 
82.0 47.73 
86.0 61.74 
1.256 -71.38 
0.392 -9.81 
0.288 12.00 
0.272 19.00 
0.376 29.75 
0.644 38.87 
0.872 -13.87 
0.752 -5.88 
0.572 37.94 
0.852 33.06 
0.944 -18.56 
0.472 -4.63 
0.264 -6.06 
0.268 -14.94 
0.312 -28.31 
0.352 -39.56 
0.364 -54.13 
0.388 -61.19 
0.424 -70.13 
0.472 -75.50 
0.504 -79.25 
0.652 -79.75 
-37.12 -2.84 
24.05 1.84 
42.88 3.28 
50.07 3.83 
76.08 5.82 
123.92 9.48 
57.65 4.41 
61.57 4.71 
112.94 8.64 
140.78 10.77 
54.64 4.18 
38.17 2.92 
17.65 1.35 
6.93 0.53 
-6.93 -0.53 
-19.35 -1.48 
-38.17 -2.92 
-46.80 -3.58 
-58.04 -4.44 
-64.58 -4.94 
-69.28 -5.30 
-67.19 -5.14 
Total 11.692 30.59 
Mean 50.33 -21.36 18.18 
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NO3-N. The whole column gained 12.4 cm (53%) of moisture, and gained 
20 mg (13% or 44 kg/ha) of NO3-N. 
Further cooling of the surface during the last week of February 
reduced the surface temperature to -0.8° C, and correspondingly increased 
the frost depth to 40 cm for the columns sampled February 28, The 
moisture content in the top layer was at a maximum of 57.8%. Reduction 
in moisture content to near 33% in the frozen layers immediately below 
the top layer indicates that an upward moisture movement occurred 
(Figure 7 or Table 37). Likewise, in the unfrozen zone, moisture moved 
upward causing moisture contents in and near the freezing layer to exceed 
the saturation capacity of the soil. This indicates that ice lens may 
have formed and that soil particles were displaced in these layers. 
Concentrations as high as 220 mg/L observed near the freezing layer, may 
have been due to the exclusion of anions from the solution and 
infiltration of a relatively concentrated solution during the freeze-thaw 
cycles. 
Although soil moisture redistribution occurred, the total moisture 
gain by the columns essentially remained the same as that of the columns 
sampled February 14. On the other hand, the total NO3-N gain by the 
February 28 columns (119 days after burial) was the greatest at 31 rag 
(18% or 57 kg/ha). This amount may be attributed in part to upward 
NO3-N movement with water from below the column. The upper half of the 
columns showed a moisture increase of 6.3 cm (which is about one cm lower 
than the gain for columns sampled February 14), while NO3-N accumulation 
was 50 mg (65% or 110 kg/ha). 
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Discussion of the o-pen columns subjected to winter freezing Like 
the closed columns, there was a clear evidence of upward moisture 
movement to the freezing layer, where high or maximum moisture 
accumulation occurred. The accumulation of moisture to above the 
saturation point of the soil in and near the freezing layer, and the 
relatively high moisture contents in the unfrozen layers indicate that a 
high groundwater table may have caused additional upward moisture 
movement (this situation was similar to the laboratory portion of this 
study for open columns). Although the increase in moisture content in 
the upper part of the frozen zone was due in part to infiltration from 
rainfall and from melted snow, there was also evidence that part of the 
infiltrated water moved back upward in response to surface freezing. 
Toward the end of freezing season (end of February), the moisture content 
of the top layer also exceeded the saturation capacity of the soil. The 
distribution of moisture was similar to the distribution obtained from 
other field studies, in which moisture contents increased toward the top 
layer (Gary and Mayland, 1972; Gary et al., 1979; Sheppard et al., 1981). 
Therefore, where a frozen zone exists in an open column, moisture 
accumulation can occur in two areas; one in the top layer resulting from 
moisture additions and moisture movement within the frozen zone, and the 
other in and near the freezing layer resulting from upward movement from 
the unfrozen zone. 
More moisture movement within the frozen zone occurred in open 
columns, than in closed columns, possibly because the liquid phase 
moisture content was higher in the open columns than in the closed 
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columns. Another reason is that diurnal warming and infiltrated water 
may have increased the temperature in the frozen zone to or near 0° C 
resulting in increased thickness of the continuous liquid film adsorbed 
to the soil surfaces and available for liquid phase movement (Hoekstra, 
1966; Anderson and Hoekstra, 1965). 
Infiltration of water through a partially thawed frozen soil 
apparently displaced a relatively concentrated NO3-N solution downward, 
causing the solution concentrations in the lower part of the frozen zone 
to be higher than the initial bulk concentration. This could be possible 
because water freezes only in its pure state leaving the unfrozen liquid 
to become more concentrated. Displacement of a solution by an 
infiltrating water could also result in the exclusion of NO3-N ions 
(Kinjo et al,, 1971; Berg and Thomas, 1959; and Tullock et al., 1975). 
Upward moisture movement from the unfrozen layers to the freezing layer 
had a similar effect of increasing concentration levels due to a possible 
exclusion of ions from the soil solution. 
Accumulation of moisture and NO3-N depended upon the depth of frost 
penetration, the length of time the frost stayed at a particular depth, 
and the available moisture in the unfrozen layers. Maximum accumulation 
was achieved as the frost reached its maximum depth of penetration 
(40 cm) observed during the peak of the winter season (toward the end of 
February). By the end of February, the moisture and NO3-N contents of 
the upper 40 cm of the columns were increased by 70% and 55% (50 kg/ha) , 
respectively, over their initial amounts. 
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Thawing conditions 
Figures 7 and 8 and Tables 22 and 39 to 46 show the effect of spring 
thaw on the column temperature, moisture, and solute distributions from 
March to April 1986. 
March sampling The warming trend in March kept the soil 
temperatures above freezing beginning with the first week of March. 
During sampling on March 14, 1986 (133 days after burial), the surface 
temperature was 1.5° C and the temperature gradient in the upper quarter 
depth of the columns had reversed (the temperature was higher in the 
upper layer than in the lower layer). 
The total amount of moisture stored in the columns sampled March 14 
was essentially the same as for the columns sampled February 28, 
indicating that the two-day rain of about 3 cm that occurred right before 
sampling may have run off and/or leached through the column. Leaching 
may have resulted in the decrease in NO3-N amount by 10 mg as shown by 
the decreasing concentration levels and amounts in the bottom third of 
the column. Leaching could also have caused a slight downward shift in 
the distribution of the NO3-N concentration profile, where high 
concentrations were observed in the low temperature (0.1 to 0.3° C) 
layers between the 14 and 24 cm depths (Table 39). 
The temperature in the soil profile continued to increase with time. 
By March 28 (148 days after burial), the profile temperature showed a 
decrease from an 11° C high at the surface to 3.6° C at the 86-cm depth 
(Table 41). Between the period from March 14 to March 28, the columns 
received about 1.5 cm of rainfall which occurred on March 17-19. Total 
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Table 39. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on March 14, 1986 (133 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 1.5 
2.0 1.4 39.9 7.2 0.52 
6.0 0.8 40.7 21.5 1.58 
10.0 0.3 44.2 82.1 6.57 
14.0 0.2 43.9 194.0 15.43 
18.0 0.1 42.1 245.3 18.71 
22.0 0.1 43.4 256.3 20.16 
26.0 0.2 46.2 178.7 14.95 
30.0 0.2 43.8 158.9 12.60 
34.0 0.2 43.0 240.0 18.67 
38.0 0.3 37.4 220.1 14.92 
42.0 0.3 31.9 179.5 10.38 
46.0 0.4 38.6 149.3 10.45 
50.0 0.5 34.6 165.3 10.35 
54.0 0.6 33.8 142.6 8.74 
58.0 0.7 35.0 103.0 6.54 
62.0 0.8 ,36.5 64.7 4.27 
66.0 0.9 38.2 46.1 3.19 
70.0 1.0 40.2 36.0 2.62 
74.0 1.1 40.7 31.1 2.29 
78.0 1.2 39.6 28.7 2.06 
82.0 1.4 40.9 27.0 2.00 
86.0 1.5 40.2 28.7 2.09 
Total 189.10 
Mean 39.8 119.3 8.60 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 40. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on March 14, 
1986 (133 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 51.2 0.541 -95.5 -93.2 -7.13 
6.0 54.0 0.571 -86.6 -79.3 -6.07 
10.0 67.3 0.710 -48.7 -14.1 -1.08 
14.0 66.4 0.701 21.3 101.7 7.78 
18.0 59.5 0.629 53.3 144.6 11.06 
22.0 64.5 0.682 60.2 163.6 12.51 
26.0 75.0 0.792 11.7 95.5 7.30 
30.0 65.9 0.696 -0.7 64.8 . 4.95 
34.0 62.7 0.662 50.0 144.1 11.02 
38.0 41.8 0.442 37.6 95.1 7.27 
42.0 20.9 0.221 12.2 35.6 2.73 
46.0 46.4 0.490 -6.7 36.6 2.80 
50.0 30.9 0.326 3.3 35.2 2.70 
54.0 28.2 0.298 -10.9 14.2 1.09 
58.0 32.7 0.346 -35.6 -14.6 -1.11 
62.0 38.2 0.403 -59.6 -44.1 -3.38 
66.0 44.5 . 0.470 -71.2 -58.4 -4.46 
70.0 52.3 0.552 -77.5 -65.7 -5.03 
74.0 54.1 0.571 -80.6 -70.0 -5.36 
78.0 50.0 0.528 -82.1 -73.1 -5.59 
82.0 55.0 0.581 -83.1 -73.8 -5.65 
86.0 52.3 0.552 -82.1 -72.7 -5.56 
Total 11.763 20.80 
Mean 50,6 0.535 -26.0 12.4 0.95 
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Table 41. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on March 28, 1986 (147 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L mg 
1.0 11.1 
2.0 10.8 36.1 33.9 2.22 
6.0 9.7 36.4 65.6 4.34 
10.0 8.6 36.4 114.4 7.55 
14.0 8.3 36.8 131.8 8.79 
18.0 8.0 37.1 133.5 • 8.98 
22.0 7.6 37.3 132.3 8.97 
26.0 7.3 39.9 101.6 7.36 
30.0 6.9 41.1 88.5 6.60 
34.0 6.5 41.5 148.3 11.17 
38.0 6.2 40.1 214.6 15.60 
42.0 5.9 39.1 232.0 16.46 
46.0 5.6 37.6 224.5 15.31 
50.0 5.3 35.8 198.0 12.85 
54.0 5.0 36.3 166.2 10.95 
58.0 • 4.7 37.6 150.8 10.28 
62.0 4.4 37.5 155.5 10.59 
66.0 4.3 38.3 153.4 10.66 
70.0 4.1 38.8 134.4 9.46 
74.0 4.0 37.5 101.8 6.93 
78.0 3.8 37.9 80.6 5.54 
82.0 3.7 38.4 72.5 5.04 
86.0 3.6 37.9 60.4 4.14 
Total 199.79 
Mean 38.0 131.9 9.08 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 42. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on March 28, 
1986 (147 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 36.59 0.386 -78.81 -71.00 -5.43 
6.0 38.05 0.402 -59.00 -43.29 -3.31 
10.0 37.77 0.399 -28.50 -1.30 -0.10 
14.0 39.27 0.415 -17.62 14.95 1.14 
18.0 40.36 0.426 -16.56 17.34 1.33 
22.0 41.45 0.438 -17.31 17.19 1.32 
26.0 51.14 0.540 -36.50 -3.84 -0.29 
30.0 55.77 0.589 -44.69 -13.67 -1.05 
34.0 57.27 0.605 -7.31 46.05 3.52 
38.0 51.77 0.547 34.12 103.96 7.95 
42.0 48.09 0.508 45.00 115.15 8.81 
46.0 42.32 0.447 40.31 100.08 7.66 
50.0 35.50 0.375 23.75 68.01 5.20 
54.0 37.59 0.397 3.87 43.20 3.30 
58.0 42.27 0.446 -5.75 34.35 2.63 
62.0 42.23 0.446 -2.81 38.49 2.94 
66.0 45.09 0.476 -4.12 39.38 3.01 
70.0 46.91 0.495 -16.00 23.64 1.81 
74.0 42.18 0.445 -36.38 -9.36 -0.72 
78.0 43.50 0.459 -49.63 -27.57 -2.11 
82.0 45.45 0.480 -54.69 -34.12 -2.61 
86.0 62.25 0.652 -79.75 -45.88 -3.51 
Total 10.376 31.49 
Mean 44.14 -18.39 18.71 
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moisture in the column on March 28 was reduced by 1.4 cm from March 14, 
indicating that a total of 2.9 cm (including rainfall) may have leached 
through the column. 
Even with the possible occurrence of leaching, the total NO3-N 
increased by about 10 mg (5%), possibly due to biological activity as the 
temperature increased and as the moisture content in the soil profile 
decreased. Leaching also apparently displaced NO3-N concentration and 
amount distributions downward by about 15 cm. 
April sampling Between March 28 and April 12, 1986, a total 
rainfall of 5.5 cm, which occurred in the first 4 days of April 
(Figure 3), may have caused further redistribution and decrease in the 
NO3-N concentrations and amounts. The total moisture in the columns 
sampled April 11 (161 days after burial) had increased by about 1 cm over 
that in the columns sampled March 28, indicating that a total of about 
4.5 cm water may have leached (assuming no runoff and negligible surface 
evaporation during the period of leaching), causing a reduction in total 
NO3-N by about 45 mg (23%). 
The upper half of the column had a net gain of 4.3 cm water and a 
net loss of about 38 mg (49% or 83 kg/ha) NO3-N. The entire column 
gained 11 cm of water, but lost 14 mg (9.3% or 32 kg/ha) of NO3-N. 
From April 12 to April 28, a total of 6.4 cm of rain occurred, 
2.6 cm of which fell within 3 days right before sampling on April 28 
(178 days after burial). The infiltration of rain water may have 
increased the moisture contents in the lower half of the columns to the 
saturation capacity of the soil, indicating that the last portion of the 
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Table 43. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on April 11, 1986 (161 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm ®C % by vol. mg/L mg 
1.0 9.9 
2.0 10.0 34.8 18.9 1.19 
6.0 10.2 35.2 28.8 1.83 
10.0 10.5 35.6 45.3 2.92 
14.0 10.5 35.8 58.8 3.81 
18.0 10.6 36.2 63.4 4.16 
22.0 10.5 36.6 59.2 3.92 
26.0 10.3 37.8 58.4 4.00 
30.0 10.1 38.6 55.5 3.88 
34.0 9.8 39.5 71.8 5.13 
38.0 9.6 41.9 105.6 8.01 
42.0 9.4 40.6 158.9 11.67 
46.0 9.1 39.4 190.7 13.59 
50.0 8.9 40.2 220.5 16.04 
54.0 8.7 39.8 218.4 15.76 
58.0 8.4 41.0 194.1 14.43 
62.0 8.2 40.8 145.1 10.72 
66.0 8.1 42.4 111.1 8.52 
70.0 7.9 43.2 89.2 6.98 
74.0 7.8 42.7 73.8 5.71 
78.0 7.6 41.0 63.5 4.72 
82.0 • 7.5 39.8 57.5 4.15 
86.0 7.3 38.9 52.3 3.68 
Total 154.85 
Mean 39.17 99.2 7.04 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 44. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on April 11, 
1986 (161 days after burial) 
Depth Soil moisture NO3-N cone. Total NO3-N 
cm % cm % % mg 
2,0 31.8 0,336 -88.2 -84.4 -6.46 
6.0 33.2 0.350 -82.0 -76.0 -5.82 
10.0 35.0 0.370 -71.7 -61.8 -4.73 
14.0 35,5 0.374 -63.3 -50.2 -3.84 
18.0 37.3 0.394 -60.4 -45.6 -3.49 
22.0 38.6 0.408 -63.0 -48.7 -3.73 
26.0 43.2 0.456 -63.5 -47.7 -3.65 
30.0 46.4 0.490 -65.3 -49,2 -3.77 
34.0 49.5 0.523 -55.1 -32,9 -2.52 
38,0 58.6 0.619 -34.0 4,7 0.36 
42.0 53.6 0.566 -0.7 52.6 4,02 
46.0 49,1 0,518 19.2 77.7 5.94 
50.0 52,2 0,551 37.8 109.7 8.39 
54.0 50,9 0,538 36.5 106.0 8.11 
58.0 55,5 0.586 21.3 88.6 6.78 
62.0 54,5 0.576 . -9.3 40.2 3.07 
66.0 60.5 0.638 -30.6 11.4 0.87 
70,0 63.6 0.672 -44.2 -8.8 -0.67 
74,0 61,8 0.653 -53.9 -25.4 -1.94 
78,0 55,5 0.586 -60.3 -38.3 -2.93 
82,0 50,9 0,538 -64.1 -45.8 -3.50 
86.0 47,3 0.499 -67.3 -51.9 -3.97 
Total 11.241 -13.45 
Mean 48.4 0.511 -39,2 -8.0 -0,61 
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Table 45. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the open soil columns 
sampled on April 28, 1986 (178 days after burial) 
Soil depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L mg 
1.0 17.4 
2.0 17.3 33.4 12.8 0.78 
6.0 16.7 35.9 17.5 1.14 
10.0 16.2 35.9 26.0 1.69 
14.0 15.7 36.1 43.2 2.83 
18.0 15.2 37.0 65.1 4.37 
22.0 14.8 38.7 82.6 5.80 
26.0 14.3 39.0 91.1 6.45 
30.0 13.8 38.8 100.8 7.10 
34.0 13.3 39.9 110.8 8.02 
38.0 12.8 41.1 116.3 8.67 
42.0 12.3 40.6 119.4 8.80 
46.0 11.9 41.6 116.5 8.79 
50.0 11.5 42.5 118.4 9.13 
54.0 11.0 44.1 120.6 9.65 
58.0 10.6 42.5 131.4 10.13 
62.0 10.3 43.5 148.5 11.72 
66.0 10.0 43.6 . 151.7 12.00 
70.0 9.8 44.1 162.3 12.99 
74.0 9.5 43.4 150.2 11.83 
78.0 9.3 42.4 136.5 10.50 
82.0 9.0 42.7 123.0 9.50 
86.0 8.8 42.8 27.0 2.10 
Total 163.99 
Mean 40.4 101.9 7.45 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 45. Gain (+)/loss (-) in moisture, NO3-N concentration, and 
total NO3-N in the open soil columns sampled on April 28, 
1986 (178 days after burial) 
Depth Soil moisture NO3-N conc. Total NO3-N 
cm % cm % % mg 
2.0 26.36 0.278 -92.00 -89.80 -6.87 
6.0 35.86 0.379 -89.06 -85.10 -6.51 
10.0 36.05 0.381 -83.75 -77.90 -5.96 
14.0 36.82 0.389 -73.00 -63.00 -4.82 
18.0 40.00 0.422 -59.31 -42.90 -3.28 
22.0 46.59 0.492 -48.38 -24.20 -1.85 
26.0 47.59 0.503 -43.06 -15,70 -1.20 
30.0 46.82 0.494 -37.00 - 7.20 -0.55 
34.0 51.05 0.539 -30.75 4.80 0.37 
38.0 55.82 0.589 -27.31 13.36 1.02 
42.0 53.73 0,567 -25.38 15.00 1.15 
46.0 57.50 0.607 -27.19 14.99 1.14 
50.0 61.05 0.645 -26.00 19.30 1.48 
54.0 67.14 0.709 -24.63 26.10 2,00 
58.0 60.95 0.644 -17.87 32.40 2.48 
62.0 64.59 0.682 -7.19 53.20 4.07 
66.0 65.09 0.687 -5.19 56.90 4.35 
70.0 67.23 0.710 1.44 69.80 5.34 
74.0 64.41 0.680 -6.13 54.40 4.18 
78.0 60.45 0.638 -14.69 37.30 2.85 
82.0 61.74 0.652 -23.13 24.18 1.85 
86.0 62.12 0.656 -54.69 -72.55 -5.55 
Total 
Mean 
12.352 
53.17 -37.01 -2.56 
-4.31 
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infiltrating water was still in the process of rapid drainage or leaching 
(Figure 7 and Table 43). Although there was an increase in the total 
NO3-N by 10 mg in the column from April 12 to April 28, leaching 
apparently caused the NO3-N concentration and amount distributions to 
move further down to the bottom quarter of the column depth (Figure 23 
and Table 48). 
The upper half of the column sampled April 28 showed a net increase 
in moisture of 4.5 cm (42%), and a net loss in total NO3-N of about 30 mg 
(39% or 65 kg/ha). The entire column, however, lost about 5 mg (3% or 
11 kg/ha) of NO3-N. 
Discussion of the open columns during soring thaw Although the 
process of thawing was not closely monitored because of longer interval 
of sampling, the resultant effect of thawing, rainfall, and infiltration 
was to leach the solute and move the distribution of both NO3-N 
concentrations and amounts downward. 
Total displacement of solute did not occur. Kinjo et al. (1971) had 
shown that complete displacement or leaching (100% loss) of NO3-N from 
the soil column occurred only after four pore volumes or 32 cm of water 
(1 pore volume - drainable volume) was added to the top of the saturated 
column at constant submerged depth. This loss rate is equivalent to 
100/4 — 25% loss NO3-N per pore volume or 100/32 — 3.1%/cm of pure water 
added. They considered this rate of NO3-N loss as indicating that NO3-N 
in the soil column moved slower than water. 
The results of Kinjo's experiment can be used to compare the 
relative amount and rate of NO3-N leaching from the study columns during 
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spring thawing from March to April. The average soil moisture contents 
in the column in the beginning of the March were near saturation (40%) 
before the first rainfall occurred, while the final average moisture 
contents on April 28 were about the same. During the period from March 
through April, a total of 16 cm of rain fell on the soil, while the 
percentage of NO3-N loss from the columns sampled April 28 with reference 
to the amount in the columns sampled February 28 was 17.5%. Assuming no 
runoff and negligible evaporation during the process of leaching, the 
rate of NO3-N leaching for the soil columns would be 17.5/16 = 1.1%/cm of 
water added. In order to leach all the solute through the column, 
100/1.1 - 91 cm of percolating water would be required. This value 
(1.1%/cm) would increase if the actual runoff and evaporation was 
considered. The value might indicate how much the soil repels (or 
adsorbs) NO3-N ions; the higher the value, the more NO3-N ions are 
repelled from the soil surfaces. 
The wet condition (near saturation) of the soil columns beginning in 
January (as shown by the January 31 sample) and through April indicates 
that the contribution to moisture accumulation in the column was due in 
large part to the influence of a high water table. All the 65% of the 
total NO3-N moved into the upper 40 cm of the column during winter 
freezing was lost through leaching by spring thaw and rainfall 
infiltration during the months of March and April. In addition, 39% of 
the original amount of NO3-N in the homogeneous open soil columns buried 
upright in the soil on November 1, leached below the 40 cm depth by the 
end of April. NO3-N leaching would be expected to increase as more rain 
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occurs. Campbell et al. (1970) found that 25% of the NO3-N amount 
initially present in the top half of a column was leached by snowmelt 
infiltration to the lower half during the period from February to 
April 15 in Canada. They found a distribution of NO3-N concentrations, 
where they measured a maximum concentration 100% higher than the initial 
concentration, that was similar to the one obtained in this study. 
Field Sampling and In-Situ Measurement 
Spatial variability of observed NO3-N concentrations 
High spatial variability of the measured NO3-N concentrations in in 
situ soil samples between replicates was observed. The coefficient of 
variability was as high as 120%. Soils sampled from the south side of 
the tile drain had much lower concentrations (between 0 and 10 mg/L NO3-I 
in the soil solution) than soils sampled from the north side (between 10 
and 150 mg/L) . A low spot and the lack of surface drainage near the 
southeast corner of the experimental area resulted in surface water 
collecting during melting of snow in January. This may have eventually 
increased the groundwater level on the south side of the experiment and 
caused dilution and drainage of NO3-N from the south sampling sites. 
However, the spatial variability was not important in this study, because 
the study focused mainly on the relative temporal changes of the soil 
moisture and NO3-N contents. 
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Moisture content calibration 
Table 47 gives the regression coefficients for the relationship 
between the total soil moisture content and the neutron probe reading at 
different depths for the two replications. Figure 9 or Table 47 also 
gives the best fit coefficients for the correlation between the liquid 
phase moisture content and dielectric constant reading compared with 
Topp's equation (Topp et al., 1980). 
A statistical comparison using the t-test showed the difference 
between the two regressions (Topp's equation versus the fitted curve) was 
not significant at 5% probability. Also, Topp's equation matched 
moisture content measurements from soil sampling and from neutron probe 
readings for unfrozen soil, particularly in the lower range of the 
moisture content (<32%). Therefore, Topp's equation was used for 
calculating the unfrozen moisture content in the soil profile during the 
study period. The best fit obtained from calibration would only be 
applicable for moisture contents up to 28%. 
Freezing conditions 
November sampling The results for moisture and NO3-N presented 
here are averages from the two sampling sites (north and south) located 
in the upper end of the experimental area. Table 48 (or Figure 10) shows 
the initial temperature, moisture content, NO3-N concentration, and total 
amount of NO3-N in each 15-cm soil layer down to the 150-cm depth on 
November 5, 1985. The surface temperature was 4.2° G and at 143 cm 
depth, the temperature was 11.6° C. 
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TOPP'S EQUATION 
2 3 (MC=-5.3 + 2.9K - 0.055K + 0.0043K ) 
8 10 12 14 
DIELECTRIC CONSTANT 
Figure 9. Comparison between the fitted calibration curve 
and Topp's equation for soil moisture content 
versus dielectric constant (K) 
197 
Table 47. Soil bulk densities*, p. Neutron probe and TDR 
coefficients of the polynomial equation y = a + bx + cx^  + dx^  
Depth 
cm 
P 
g/cc 
Replie. a b c d ,d 
0-30% 1.46 R1 -90.8 503 .7 -498.2 0 .0 0 .96 
R2 6896.4 -50476 .5 123004.1 -99265 .9 0 .99 
30-60% 1.45 R1 1427.1 -9875 .2 22813.1 -17182 .9 0 .98 
R2 -70.5 407 .5 -394.5 0 .0 0 .78 
60-90% 1.33 R1 1731.3 -13497. 2 35267.8 -30377 .8 0, .95 
R2 -5682.1 42786, ,8 -106801.4 88886, ,1 0, ,93 
90-120% 1.45 R1 -387.1 1916. ,1 -2173.9 0. ,0 0. ,97 
R2 -2324.5 18322. ,3 -47543.3 41132, 8 0. ,90 
TDR caic 1.2 -8.91 3. 99 -0.105 0. 0 0. 96 
Topp's eqn^  -5.30 2. 92 -0.055 0.00043 
F^urnished by Dr. R. S..Kanwar, Dept. of Ag. Engineering,ISU. 
X = neutron count divide by standard count, 
y^ - total volumetric moisture content, %. 
®x •" K - apparent dielectric constant, 
r^ - correlation coefficient. 
The moisture content decreased from 31% in the top layer to 24% in 
the 75-90 cm layer, and then increased to 32% down to the bottom layer. 
The NO3-N concentration was 45 mg/L in the top layer, 21 mg/L in the 
next, and then increased to a maximum of 95 mg/L in the 90-105 cm layer. 
Total NO3-N amounted to 55 kg/ha in the top 60 cm of the soil profile, 
and 169 kg/ha within the 150 cm depth. 
By November 18, 1985, the temperature at the soil surface had 
decreased to 2.0° C and it was 9.2° C at the 143-cm depth, maintaining 
the same temperature gradient of 0.05° C/cm as on November 5 (Figure 11 
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Figure 11. Daily minimum and maximum soil temperature at 1 cm below 
the surface of the no-till corn field during the winter 
and spring of 1985-1986 
200 
Table 48. Summary of the effect of time and field conditions on the 
movement of moisture and NO3-N across the top 60-cm of the 
field soil profile 
Date of Sampling 
mo/dy/yr 
11/5/85 12/6/85 1/31/86 2/28/86 3/29/86 4/28/86 
Frost depth, cm 
Temperature gradient, 
Frozen 
Unfrozen 
Moisture 
Peak m.c., % 
Location, cm 
Min. m.c., % 
Location, cm 
Amount, cm 
% gain 
N03-N Concentration 
Peak, mg/L 
Location, cm 
Min., mg/L 
Location, cm 
% gain 
Total N03-N 
Peak, kg/ha 
Location, cm 
Min., kg/ha 
Location, cm 
Amt gain, kg/ha 
% gain 
0.0 20.0 45.0 
°C/cm 
0.000 0.009 0.150 
0.000 0.053 0.034 
31.2 40.5 37.5 
10-15 30-45 0-15 
27.0 25.4 27.6 
45-60 45-60 60-75 
0.00 1.32 2.91 
0.0 7.4 16.1 
44.7 78.7 26.1 
0-15 90-105 45-60 
20.7 11.8 6.4 
15-30 135-150 15-30 
0.0 42.0 -42.7 
20.89 29.58 12.99 
30-45 105-120 30-45 
9.09 5.29 3.24 
15-30 135-150 15-30 
0.00 20.38 -20.00 
0.0 36.6 -34.0 
45.0 0.0 0.0 
0.011 
0.028 -0.084 -0.093 
40.8 39.7 39.3 
0-15 90-105 120-135 
27.0 29.4 29.6 
75-90 45-60 45-60 
4.34 1.34 1:64 
25.4 7.6 9.2 
21.8 35.9 17.2 
0-15 45-60 15-30 
2.0 9.4 1.1 
135-150 135-150 120-135 
-33.4 -2.9 -58.1 
13.34 15.84 8.19 
0-15 30-45 30-45 
1.07 5.36 0.63 
135-150 135-150 90-105 
-11.12 -2.81 -33.22 
-15.5 -5.1 -59.7 
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Table 49. Initial field soil temperature, moisture content, NO3-N 
concentration, and total NO3-N in the corn field soil 
profile sampled November 5, 1985 
Depth Temperature^  M. content NO3-N conc. Total NO; 
cm "C % by vol. mg/L kg/ha 
1.0 4.2 
7.5 3.5 31.2 44.7 20 .89 
22.5 5.9 29.3 20.7 9, ,09 
37.5 7.3 30.9 29.5 13, .67 
52.5 8.1 27.0 29.6 11, .99 
67.5 8.7 26.8 42.7 17, ,18 
82.5 9.3 24.4 58.8 21, ,49 
97.5 9.9 27.1 95.3 38, ,68 
112.5 10.5 27.9 56.7 23, ,72 
127.5 11.1 32.2 19.4 9, ,38 
142.5 11.6 31.1 7.0 3. ,27 
Total 169, ,36 
Mean 28.8 16. ,94 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
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Table 50. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the corn field soil 
profile sampled November 18, 1985 (13 days after the initial 
measurement) 
Depth Temperature^  M. content NO3-N conci Total NO3-N 
cm °C % by vol. mg/L kg/ha 
1.0 2.0 
7.5 3.7 35.9 40,9 22.0 
22.5 6.2 31.9 31.7 15.2 
37.5 6.5 32.5 25.2 12.3 
52.5 6.6 26.4 24.1 9.5 
67.5 6.8 26.9 33.4 13.5 
82.5 7.2 26.0 41.6 16.2 
97.5 7.4 28.4 42.3 18.0 
112.5 8.0 27.9 61.1 25.6 
127.5 8.6 34.2 21.6 11.1 
142.5 9.2 33.3 10.0 5.0 
Total 149.4 
Mean 27.9 14.9 
Moisture NO3-N Cone. Total NO3-N 
Gain/Loss^  Gain/Loss^  Gain/Loss^ 
% cm % % kg/ha 
7.5 15.1 0.70 -8.5 5.3 1.1 
22.5 8.9 0.39 53.1 66.7 6.1 
37.5 5.2 0.24 -14.6 -9.5 -1.3 
52.5 -2.2 -0.09 -18.6 -20.8 -2.5 
67.5 0.4 0.01 -21.8 -21.5 -3.7 
82.5 6.6 0.24 -41.6 -24.6 -5,3 
97.5 4.8 0.19 -55.6 -53.5 -20.7 
112.5 0.0 0.00 7.8 7.8 1.8 
127.5 6.2 0.30 11.3 18.3 1.7 
142.5 7.1 0.33 42.9 53.0 1.7 
Total 2.31 -21.1 
Mean 5.2 0.23 -4.6 -12.5 -2.1 
V^alues were interpolated for temperatures that were not measured 
at a given soil depth. 
"Gain (+) and loss (-) with reference to the initial conditions. 
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and Table 50. Moisture accumulation from scattered light rains totalling 
0.3 cm that occurred within one week before sampling on November 18, may 
have slightly increased the total moisture content in the top 45 cm. 
Moisture contents also increased slightly in the bottom half of the 
profile. The total NO3-N within the 60 cm depth increased slightly by 
3 kg/ha. However, the entire depth lost about 20 kg/ha of NO3-N 
(Table 50). 
December sampling The soil surface began to freeze on November 21 
when the average daily air temperature dropped below 0° C. A heavy snow 
on December 1 of about 21 cm depth covered the soil surface, and the 
surface temperature was maintained near 0° C. During sampling on 
December 6, (31 days from the initial measurement) the temperature on the 
surface was -0.2° C, and the temperature at the 143-cm depth was 6.4° C. 
The temperature gradient in the frozen zone (top 20 cm) was 0.01° C/cm, 
while in the unfrozen zone it was 0.052° C/cm. 
The total moisture content in the top 30 cm was maintained at 30% 
and above. On the other hand, the liquid phase moisture content, as 
measured by the TDR, had dropped to 14% as the ice phase increased to 16% 
in the top layer. All moisture in the second layer (30-45 cm) was in the 
liquid phase (Figure 12 or Table 51). This was expected since the frozen 
layer was only 20 cm thick. 
A marked increase in moisture content was observed in the layer 
(30-45 cm) right below the freezing layer, where the moisture content was 
40.5%. The accumulation may have been due to upward moisture movement 
within the unfrozen zone toward the freezing layer as shown by "the 
increases in NO3-N concentrations and amounts (Figure 10 or Table 52). 
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Table 51. Ice (IP), liquid^  (LP) and total^  (TP) volumetric percent 
moisture content in the corn field soil profile during the 
winter and spring of 1985-86^  
Date Depth, cm 
0-30 30-45 
mo/dy/yr IP(%) LP(%) TP IP(%) LP(%) TP 
11/26/85 10 .5(35.0) 19.5(65.0) 30, .0 0.0(00.0) 32.1(100.0) 31, .2 
12/06/85 15 .8(52.5) 14.3(47.5) 30, .1 0.0(00.0) 33.1(100.0) 32 .8 
12/21/85 18 .4(59.9) 12.3(40.1) 30, ,7 2.0( 6.0) 31.2(94.0) 33 .2 
01/05/86 17 .0(58.0) 12.3(42.0) 29. ,3 3.1( 9.1) 30.8(90.9) 33, ,9 
01/18/86 13 .7(40.0) 20.5(60.0) 34. ,2 2.1( 6.4) 30.7(93.6) 32, .8 
01/31/86 21 .9(61.5) 13.7(38.5) 35. 6 17.7(47.5) 19.6(52.5) 37, ,3 
02/15/86 19 .2(57.8) 14.0(42.2) 33. 2 13.9(37.0) 23.6(63.0) 37. 5 
02/28/86 22 .6(61.1) 14.4(38.9) 37. ,0 18.5(45.6) 22.1(54.4) 40. ,6 
03/15/86 8 .1(21.1) 30.2(78.9) 38, 3 12.6(31.8) 27.0(68.2) 39. ,6 
03/29/86 0 .4( 1.2) 32.2(98.8) 32. 6 0.0( 0.0) 33.3(100.) 33. 0 
04/11/86 0 .1( 0.0) 31.8(100.) 31. 9 0.0( 0.0) 35.4(100.) 34. 2 
04/29/86 0 .0( 0.0) 33.1(100.) 32. 7 0.0( 0.0) 36.0(100.) 35. 5 
M^easured with TDR. 
M^easured with Neutron probe or from' soil sampling. 
V^alues in the bracket are percentages of the total phase moisture. 
206 
Table 52, Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the corn field soil 
profile sampled December 6, 1985 (31 days after the initial 
measurement) 
Depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm "C % by vol. mg/L kg/ha 
1.0 -0.2 
7.5 -0.1 31.5 15.6 7, .36 
22.5 0.0 30.2 43.3 19, .60 
37.5 0.7 40.5 39.7 23. ,91 
52.5 1.6 25.4 65.9 25, .15 
67.5 2.5 26.7 54.9 21, .97 
82.5 3.4 25.2 58.6 22, ,39 
97.5 4.1 28.1 78.7 28, .90 
112.5 4.9 34.8 56.6 29. ,58 
127.5 5.6 32.1 28.3 13, ,64 
142.5 6.4 29.8 11.8 5. 29 
Total 197. 79 
Mean 30.4 19. 78 
Moisture NO3-N Conc. Total NO3-N 
Gain/Loss^  Gain/Loss^  Gain/Loss^  
% cm % % kg/ha 
7.5 0.96 0.045 -65 .10 -64.77 -13 .53 
22.5 3.07 0.135 109 .20 115.62 10 .51 
37.5 31.07 1.380 34, .60 74.90 10 .24 
52.5 -5.93 -0.240 122, .60 109.76 13 .16 
67.5 -0.37 -0.015 28, .60 27.88 4, .79 
82.5 3.28 0.120 -0, .30 4.19 0, .90 
97.5 3.69 0.150 -17, .42 -25.28 -9, .78 
112.5 24.73 1.035 -0, .20 24.70 5, .86 
127.5 -0.31 -0.015 45, ,90 45.42 4, ,26 
142.5 -4.18 -0.195 68, ,60 61.77 2, ,02 
Total 2.4 28. 43 
Mean 5.60 0.24 32. 65 37.42 2. 84 
V^alues were interpolated for temperatures that were not measured 
at a given soil depth. 
®Gain (+) and loss (-) with reference to the initial conditions. 
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The average NO3-N concentration in the upper 60 cm of the profile 
increased by about 42% over that of the November 5 sample, while the 
total amounts of NO3-N also increased by 20 kg/ha (37%). The increase 
may be due to upward moisture movement. The entire profile depth of 
150 cmgained 26 kg/ha NO3-N. The increase may be explained at least in 
part by upward movement as freezing conditions developed. 
January sampling Major changes in the soil occurred before and 
during melting of the snow during freeze-thaw cycles in the second and 
third weeks of January, and with the subsequent cooling toward the end of 
the month. The frost depth increased from 20 cm on December 5 to 40 cm 
on January 9 (Figure 4). Diurnal temperature changes, with some warm 
temperatures, increased the average temperature in the surface soil to 
above 0° C and to near 0° C in the sublayer of the frozen zone between 
January 16 and 21, causing the soil frost to recede to 30 cm by January 
17 (Figures 4 and 11). All surface snow was melted by January 20. 
Subfreezing temperatures which occurred toward the end of the month, 
along with uncovered soil, caused the frost to penetrate to a maximum 
depth of 45 cm by January 29. 
At the time of the January 31 sampling, the temperature at the 
surface had decreased to -5.8° C while the temperature at the 143-cm 
depth also had decreased to 3.5° C (Figure 10 or Table 53). This caused 
the temperature gradient in the frozen zone to increase to 0.15° C/cm, 
while in the unfrozen zone, it decreased to 0.03° C/cm (Table 48). 
Although gradual changes in moisture and NO3-N contents were not 
closely observed because of longer sampling intervals, the resultant 
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Table 53. Effect of surface freezing on temperature, moisture, NO3-N 
concentration, and total NO3-N in the corn field soil profile 
sampled January 31, 1986 (87 days from initial measurement) 
Depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L kg/ha 
1.0 -5,8 
7.5 -4.8 37.5 14,1 7.92 
22.5 -2.0 33.7 6,4 3.24 
37,5 -0.3 37.3 23,2 12.99 
52.5 0.4 29.3 26.1 11.46 
67.5 0.9 27,6 17.0 7.03 
82.5 1.4 30,6 14.5 6.64 
97.5 1.9 33.0 17.6 • 8.71 
112.5 2.4 31.1 21.0 9.79 
127.5 2,9 34.1 20.9 10.69 
142,5 3.5 33.7 20.8 10.52 
Total 88.99 
Mean 32.8 8.89 
Moisture 
Gain/Loss^  
% cm 
NO3-N Conc. 
Gain/Loss^  
% 
Total NO3-N 
Gain/Loss^  
% kg/ha 
7.5 20.19 0.945 -68 .50 -62 .09 -12 .97 
22.5 15.02 0.660 -69 .10 -64 .36 -5 .85 
37.5 20.71 0,960 -21, .40 -4 .97 -0, 68 
52,5 8.52 0,345 -11. ,80 -4, .42 -0, ,53 
67.5 2.99 0.120 -60, ,20 -59, .08 -10, ,15 
82.5 25.41 0.930 -75. ,30 -69. ,10 -14. ,85 
97.5 21.77 0.885 -81. 50 
-77. ,48 -29. ,97 
112.5 11.47 0.480 -63. ,00 -58. ,73 -13, ,93 
127.5 5.90 0.285 7. ,70 13. ,97 1. ,31 
142.5 8.36 0.390 197. 10 221. ,71 7. 25 
Total 6.000 -80. 37 
Mean 14.03 -24, 6 -16. 45 -8. 04 
V^alues were interpolated for temperatures that were not measured 
at a given soil depth. 
Gain (+), loss (-) with reference to the initial conditions. 
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effects of partial thawing on these contents was significant. There was 
an increase in the liquid phase moisture content in the top layer 
(0-30 cm) from 12% on January 5 to 21% on January 18, and the next layer 
(30-45 cm) was almost completely thawed. The high liquid-phase moisture 
content in the top layer may have allowed some infiltration.and leaching 
to take place to the sublayers as evidenced by the decreased NO3-N 
concentrations in all soil layers. Snowmelt infiltration also increased 
the amount of moisture accumulation in the upper 60 cm by 2.9 cm 
(16% gain). With reference to the samples taken December 6, moisture 
gain in the upper 60 cm was 1.3 cm. 
Partial thawing of soil from both the top and the bottom, and the 
subsequent downward movement of water may have had a significant effect 
in the leaching of NO3-N ions which caused reduction of NO3-N 
concentration in all layers. 
By January 31, the NO3-N concentrations and total amounts 
significantly dropped in all layers. Although moisture gain in the upper 
60 cm of the soil profile was 2.9 cm, the total amount of NO3-N lost was 
20 kg/ha. The entire profile depth of 150 cm had lost 80 kg/ha of NO3-N 
from November 5. 
February sampling Between January 31 and the next sampling on 
February 28, 1986, another set of freeze-thaw cycles occurred in the 
first week of February as rain (2 cm) and snow (16 cm) fell on the 
surface. Temperature in the surface soil increased to 0° C during this 
period (Figure 11). This was followed by another dry and subfreezing 
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Table 54. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the corn field soil 
profile sampled February 28, 1986 (115 days from the initial 
measurement) 
Depth Temperature^  M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L kg/ha 
1.0 -0.5 
7.5 -0.9 40.8 21.8 13.34 
22.5 -0.3 33.4 20.5 10.28 
37.5 -0.1 40.6 21.2 12.91 
52.5 0.2 32.5 16.4 7.99 
67.5 0.5 28.1 13.2 5.56 
82.5 0.8 27.0 17.5 7.08 
97.5 1.2 33.0 14.9 7.38 
112.5 1.7 31.3 9.9 4.65 
127.5 2.2 37.6 4.9 2.77 
142.5 2.7 35.6 2.0 1.07 
Total 73.03 
Mean 34.0 7.30 
Moisture NO3-N Conc. Total NO3-N 
Gain/Loss^  Gain/Loss^  Gain/Loss^  
% cm % % kg/ha 
7.5 30.77 1.440 -51.20 -36.14 -7.55 
22.5 13.99 0.615 -9.70 13.09 1.19 
37.5 31.39 1.455 -28.10 -5.56 -0.76 
52.5 20.37 0.825 -44.60 -33.36 -4.00 
67.5 4.85 0.195 -69.10 -67.64 -11.62 
82.5 10.66 0.390 -70.20 -67.05 -14.41 
97.5 21.77 0.885 -84.40 -80.92 -31.30 
112.5 12.19 0.510 -82.50 -80.40 -19.07 
127.5 16.77 0.810 -74.70 -70.47 -6.61 
142.5 14.47 0.675 -71.40 -67.28 -2.20 
Total 7.80 -96.33 
Mean 17.7 0.78 -58.6 -49.6 -9.63 
V^alues were interpolated for temperatures there were not measured 
at a given soil depth. 
°Gain (+), loss (-) from initial condition. 
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spell toward the end of the month. The minimum average surface 
temperature was near -2.0° C which occurred on February 16. 
By Febraury 28, the surface temperature was -0.5° C, while the 
temperature at the 143-cm depth was 2.7° C. Temperature gradients in the 
frozen and unfrozen zones were 0,01 and 0.03° C/cm. The frost depth was 
AO cm. 
The moisture content (41%) was at a maximum in the top layer and in 
the freezing layer (30-45 cm). Figure 12 shows that the liquid-phase 
moisture content in the 30-45 cm layer was higher (with 22%) than in the 
top layer (with 14%). In the frozen zone, the abrupt change in the 
moisture content between the top two layers may indicate further that 
liquid-phase moisture moved from the 30-45 cm layer to the top layer as 
shown in Figure 10 or Table 54. The flow may have caused NO3-N to 
increase in the top two layers, after partial thawing had occurred. 
The freezing layer (30-45 cm) also accumulated moisture which may 
have come from the unfrozen layers. However, the bottom layers retained 
high moisture contents (>33%) indicating that the groundwater level was 
high. Groundwater may have contributed significantly to the accumulation 
of water in the soil profile. The reductions of the NO3-N concentrations 
and amounts in the unfrozen layers of the samples taken February 28 may 
have been due to the effects of the freeze-thaw cycles and leaching. 
The top 60 cm of the soil profile gained 4.3 cm (24%) of moisture, 
and lost 11 kg/ha (20%) of NO3-N over that in the November 5 samples. 
The top 150 cm of the soil profile gained 7.8 cm (19%) moisture, and lost 
96 kg/ha (57%) of NO3-N. 
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Discussion of the effect of winter freezing on the distribution of 
soil moisture and NO3-N Freezing conditions enhanced some recovery of 
NO3-N into the upper 60 cm of the soil profile; about 20 kg/ha (37%) 
moved presumably.with liquid-phase movement during one month of surface 
freezing. There was also evidence of liquid-phase moisture movement 
toward the top layer within the frozen zone in response to surface 
freezing. Accumulation of moisture in the top layer became pronounced 
through the effect of freeze-thaw cycles. Diurnal temperature changes 
with surface warming and snowmelt infiltration may have tended to 
increase surface temperatures and partially melt the frozen soil from the 
surface down. If the freezing part of a cycle occurs (usually at night), 
water that tends to move downward may move back upward in response to 
surface freezing. Since the freezing part of a cycle is usually longer 
than the warming part, a net upward moisture movement may occur. 
Accumulation of moisture in the top layer has been observed during 
freezing in other field studies .(Gary et al,, 1979; Sheppard et al., 
1981; Ferguson et al,, 1964; Cary and Mayland, 1972). 
The longer freeze-thaw cycles in January which caused the complete 
melting of snow resulted in dramatic changes in the distribution of 
moisture and NO3-N in the soil profile. One significant effect was the 
increase in moisture contents in the unfrozen layers to near 35% or 
higher throughout the rest of the freezing season (end of February). The 
wet condition of the lower soil profile was also observed in the open 
column experiment, where moisture contents in the bottom layers of the 
column were at or near saturation. This indicates that water table was 
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high. Overall there was a net loss of 20% of the original NO3-N amount 
from the upper 60 cm of the soil profile, and a net loss of about 57% 
from the upper 150 cm. 
Thawing conditions 
Figure 10 and Tables 55 to 58 show the redistribution of the 
moisture contents, NO3-N concentrations, and amounts in the field soil 
profile during spring thaw. 
March sampling All snow had melted by March 2 as a warming trend 
progressed. A two-day rain of about 3 cm which occurred on March 12 and 
13 increased the soil moisture in the soil profile sampled on March 15 by 
2 cm. The average moisture in the profile was 35.3% The remaining 
portion of the rain (1 cm) may have leached and caused further reduction 
of NO3-N concentrations and amounts in the samples taken March 15 
(Table 55). 
By March 29, the surface temperature climbed to 15° C, decreasing to 
3.2° C at 143 cm depth (Table 56). A rain of about 2.5 cm occurred on 
March 17 to 19. By March 29, the soil moisture had redistributed 
downward due to gravity, and the average moisture content in the profile 
was reduced slightly to 34.7%. Another significant change noted in the 
soil profile sampling on March 29 was the increase in NO3-N 
concentrations and amounts. From March 15 to March 29, total NO3-N in 
the upper 60 cm had increased by 68% ; in the upper 150 cm of the soil 
profile it increased by 81%. It was possible that the favorable soil 
moisture and increased temperature may have enhanced production of NO3-N. 
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Table 55. Initial field soil temperature, moisture content, NO3-N 
concentration, and total NO3-N in the corn field soil profile 
sampled March 15, 1986 (130 days from initial measurement) 
Depth Temperature^ M. content NO3-N conc. Total NO3-N 
cm °C % by vol. mg/L kg/ha 
1,0 4.6 
7.5 1.7 43.8 10,9 7,2 
22,5 0.2 33.2 17.0 8,5 
37,5 0.2 39,6 11.4 6.8 
52.5 0.4 29,1 20.5 8,9 
67.5 0.7 31.4 15.5 7.3 
82.5 1,3 31.1 10.5 4,9 
97.5 1.7 35.0 8.6 4,5 
112.5 2.0 34.4 7,4 3,8 
127,5 2.3 40.4 5,9 3,6 
142,5 2.6 35,0 4,6 2,4 
Total 57,8 
Mean 3,5 5,8 
Moisture NO3-N Conc. Total NO3-N 
Gain/Loss^ Gain/Loss^ Gain/Loss^ 
% cm % % kg/ha 
7.5 40.4 1.89 -75.6 -65.8 -13.8 
22,5 13.3 0,59 -17.9 -6.9 -0,6 
37.5 28.2 1,31 -61.4 -50.5 -6,9 
52.5 7.8 0.32 -30.7 -25.4 -3,0 
67.5 17.2 0,69 -63,7 -57.5 -9,9 
82.5 27.5 1,01 -82.1 -77.2 -16.6 
97,5 29.2 1,18 -91,0 -88.3 -34.2 
112.5 23,3 0.98 -86.9 -83.9 -19.9 
127,5 25,5 1.23 -69.6 -61.8 -5,8 
142.5 12.5 0.58 -34.3 -26.0 -0.9 
Total 9.78 -111.6 
Mean 22,5 0.98 -61.3 -54.3 11.2 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
°Gain (+), loss (-) from initial condition. 
215 
Table 56. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the corn field soil 
profile sampled March 29, 1986 (144 days from initial 
measurement) 
Depth Temperature^ M. content NO3-N conc. Total NO3-N 
cm "C % by vol, mg/L kg/ha 
1.0 15.1 
7.5 11.1 32.0 19.6 9.41 
22.5 7.2 32.9 23.8 11.75 
37.5 6.1 33.0 32.0 15.84 
52.5 5.0 29.4 35.9 15.83 
67.5 4.1 32.6 23.0 11.25 
82.5 3.6 34.0 17.0 8.67 
97.5 3.3 39.7 15.5 9.23 
112.5 3.2 36.9 16.8 9.30 
127.5 3.2 38.5 14.4 8.32 
142.5 3.2 38.0 . 9.4 5.36 
Total 104.96 
Mean 34.7 10.50 
Moisture NO3-N Conc. Total NO3-N 
Gain/Loss^ Gain/Loss^ Gain/Loss^ 
% cm % % kg/ha 
7.5 2 .56 0.120 -56 .20 -54.96 -11 .48 
22.5 12 .29 0.540 15 .00 29.21 2 .66 
37.5 6, 80 0.315 8 .50 15.87 2 .17 
52.5 8, 89 0.360 21 .30 32.04 3 .84 
67.5 21, 64 0.870 -46, .10 -34.53 -5, .93 
82.5 39, 34 1.440 -71, ,10 -59.66 -12, 82 
97.5 46, 49 1.890 -83, ,70 -76.14 -29 .45 
112.5 32, 26 1.350 -70, ,40 -60.80 -14, .42 
127.5 19. ,57 0.945 -25, ,80 -11.34 -1, 06 
142.5 22, 19 1.035 34, ,30 63.85 2, .09 
Total 8.865 -156.46 -64. ,4 
Mean 21. 2 0.9 -27. ,4 -15.6 -6. ,4 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
Gain (+), loss (-) from initial condition. 
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With reference to the November 5 amounts, the upper 60 cm of the 
soil profile lost 2.8 kg/ha (5%) of NO3-N. The entire 150 cm depth 
however, lost 64 kg/ha (38%) of NO3-N. 
April sampling A total of 5.6 cm of rainfall occurred April 1 
to 4. The average moisture in the soil profile on April 12 essentially 
remained the same as the last sampling. NO3-N concentrations and amounts 
had decreased in all layers. Reduction in total NO3-N within the 150-cm 
depth over that of samples taken March 29 was about 66%, which indicate 
that most of the rain (assuming low evaporation) had leached 35 kg/ha of 
NO3-N in about 10 days. 
By April 28, the temperature at the surface had further climbed to 
20° C, decreasing to 7° G at the 134-cm depth. A total of 5.8 cm of rain 
fell, nearly half of which occurred within three days before sampling. 
The average moisture content in the profile remained the same at 34.3%, 
while NO3-N concentrations and amounts further decreased (Figure 10 or 
Table 58). The entire 150-cm profile lost an additional 35 kg/ha (51%) 
NO3-N from April 12. 
The total amount lost from the profile with reference to samples 
taken November 5 was 135 kg/ha (80%), while the amount lost from the 
upper 60 cm was 33 kg/ha (60%). 
Discussion of the effect of thawing on NO3-N losses Maj or changes 
in the distribution of NO3-N in the soil profile during and after thawing 
was primarily caused by leaching from infiltrating snowmelt and rainfall. 
The estimated rate of NO3-N removal per cm of leachate from the soil 
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Table 57. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the corn field soil 
profile sampled April 12, 1986 (158 days from initial 
measurement) 
Depth Temperature^ M. content NO3-N conc. Total NO3-N 
cm ° C  % by vol. mg/L kg/ha 
1.0 9.3 
7.5 9.7 31.0 9.0 4.2 
22.5 10.4 31.8 16.0 7.6 
37.5 9.7 32.9 14.6 7.2 
52.5 8.8 29.2 14.8 6.5 
67.5 8.1 32.6 44.8 21.9 
82.5 7.3 31.9 21.7 10.4 
97.5 7.1 39.5 7.4 4.4 
112.5 6.8 39.0 4.1 2.4 
127.5 6.5 41.3 4.2 2.6 
142.5 6.2 40.6 3.7 2.3 
Total 69.5 
Mean 35.0 7.0 
Moisture NO3-N Conc. Total NO3-N 
Gain/Loss^ Gain/Loss^ Gain/Loss^ 
% cm % % kg/ha 
7.5 -0.6 -0.03 -79.9 -80.0 -16.7 
22.5 8.5 0.38 -22.7 -16.1 -1.5 
37.5 6.5 0.30 -50.5 -47.3 -6.5 
52.5 8.1 0.33 -50.0 -45.9 -5.5 
67.5 21.6 0.87 4.9 27.6 4.7 
82.5 30.7 1.13 -63.1 -51.8 -11.1 
97.5 45.8 1.86 -92.2 -88.7 -34.4 
112.5 39.8 1.67 -92.8 -89.9 -21.3 
127.5 28.3 1.36 -78.4 -72.2 -6.8 
142.5 30.5 1.43 -47.1 -31.0 -1.0 
Total 9.30 -100.1 
Mean 21.9 0.93 -57.2 -49.5 -10.0 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
°Gain (+), loss (-) from initial condition. 
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Table 58. Effect of surface freezing on temperature, moisture content, 
NO3-N concentration, and total NO3-N in the corn field soil 
profile sampled April 28, 1986 (174 days from initial 
measurement) 
Depth Temperature^ M. content NO3-N conc. Total NO3-N 
cm °C % by,vol. mg/L kg/ha 
1.0 20.3 
7.5 18.2 33.7 12.1 6.09 
22.5 14.8 31.7 17.2 8.19 
37.5 13.0 34.3 8.6 4.43 
32.5 11.3 29.6 8.4 3.71 
67.5 10.2 32.4 14.0 6.81 
82.5 9.2 33.5 3.3 1.64 
97.5 8.4 36.1 1.2 0.63 
112.5 8.0 38.5 2.2 1.25 
127.5 7.5 39.3 1.1 0.65 
142.5 7.1 36.6 1.6 0.86 • 
Total 34.26 
Mean 34.6 3.43 
Moisture NO3-N Cone Total NO3-N 
Gain/Loss^ Gain/Loss ^ Gain/Loss^ 
% cm % % kg/ha 
7.5 8.01 0.375 -72.85 -70.85 -14.80 
22.5 8.19 0.360 -16.90 -9.90 -0.90 
37.5 11.00 0.510 -70.80 -67.59 -9.24 
52.5 9.63 0.390 -71.60 -69.06 -8.28 
67.5 20.90 0.840 -67.20 -60.36 -10.37 
82.5 37.30 1.365 -94.40 -92,37 -19.85 
97.5 33.21 1.350 -98.70 -98.37 -38.05 
112.5 37.99 1.590 -96.10 -94.73 -22.47 
127.5 22.05 1.065 -94.30 -93.07 -8.73 
142.5 17.68 0.825 -77.10 -73.70 -2.41 
Total 8.670 -135.10 
Mean 20.60 0.870 -76.00 -79.90 -13.51 
^Values were interpolated for temperatures that were not measured 
at a given soil depth. 
Gain (+), loss (-) from initial condition. 
219 
profile was about 5%. In a simplistic estimate it would therefore 
require about 100/6 = 17 cm of water to essentially leach all of the 
NO3-N from the soil profile. For some unknown reason, this rate of loss 
was considerably larger than the rate of NO3-N loss measured from the 
open columns. 
The rapid removal of NO3-N was also an indication that N03-N ions 
were excluded from the soil solution. Rapid removal may occur during 
thawing process, as the liquid phase moisture content increased. Willis 
et al. (1961) observed that a wet soil tends to thaw both upward toward 
the surface and downward from the surface, while dry soil tends to thaw 
from the lower depths toward the surface. Infiltration of melted water 
may displace the relatively concentrated solution, leaving behind the ice 
phase and the less concentrated solution. Campbell et al. (1970) 
observed that NO3-N was displaced by infiltrating water to the depth of 
thaw in a column of soil initially at the air-dry moisture content. 
Bauder and Montgomery (1979) believed that NO3-N accumulation in the 
top 30-cm layer in an overwinter experiment of fall-applied nitrogen in 
North Dakota to be attributed only to nitrification and mineralization. 
Predominant depth of leaching was 80 to 115 cm each year. Campbell et 
al. (1970) in Canada found evidence of NO3-N accumulation in the top 
30 cm to be due to upward movement during freezing in December, with a 
net loss in the 0-90 cm depth by spring season. 
The results of this study and supporting evidence have shown that 
NO3-N movement corresponds very closely to the movement of water, and 
therefore NO3-N is subject to loss from the soil profile if water is 
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allowed to leach through the root zone. . A short winter period and/or the 
presence of snow cover would not help very much in inducing moisture and 
NO3-N to migrate toward the soil surface. Even with significant upward 
fluxes of moisture and NO3-N due to freezing conditions, thawing soil 
water, snowmelt and rain in the spring assist the already high soil 
moisture to flush NO3-N ions downward faster. 
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SUMMARY 
An experiment was conducted under field conditions to determine the 
temporal effects of winter freezing- and spring thaw on the movement of 
moisture and NO3-N in closed and open columns buried upright in a field, 
and in a no-till corn field soil profile. 
In general, moisture and NO3-N moved from the unfrozen zone toward 
the freezing layer, where maximum or high accumulations occurred. Except 
for the closed columns, there was also evidence of moisture accumulation 
within the frozen zone toward the top layer, in which it is believed most 
of the moisture came originally from infiltration of melted snow. The 
amount of moisture accumulation in the frozen zone depended upon the 
available soil moisture and the duration of freezing. Accumulation of 
moisture sometimes exceeded the saturation capacity of the soil under wet 
soil conditions or possibly where a high groundwater table was present 
during the peak winter season. 
NO3-N concentrations in or near the freezing layer were increased by 
as much as 35% of the original concentration, indicating that the NO3-N 
anions were excluded from the soil solution during the process of upward 
liquid phase moisture movement or downward with infiltration. This 
effect was demonstrated in both the closed and open columns. The results 
suggest that liquid phase movement was dominant compared with vapor phase 
flow. Decreases in NO3-N concentrations in the unfrozen side of the open 
column and in the natural soil profile seemed to suggest that partial 
leaching occurred during the freeze-thaw cycles. However, an increase in 
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NO3-N in the unfrozen zone sometimes observed. Experimental error (or 
spatial variability) and/or biological processes may have been 
responsible for some apparent changes. 
At the end of the freezing season (end of February), the amount of 
NO3-N in the upper 40 cm of the closed and open columns had increased by 
about 20% (16 kg/ha) and 65% (50 kg/ha), respectively. In the natural 
soil, however, an increase in the amount of NO3-N in the upper 60 cm of 
the field profile of about 41% (23 kg/ha) was observed only in the month 
of December; by the end of the freezing season, the upper 60 cm of the 
field soil profile lost 20% (11 kg/ha) of its original amount of NO3-N. 
Complete melting of snow and rainfall in the spring season, 
redistributed the soil moisture and caused leaching of NO3-N. By the end 
of April 1986, the upper 40 cm of the open columns had lost about 39% 
(65 kg/ha) of their initial NO3-N amounts, while the upper 60 cm of the 
natural soil profile lost about 60% (33 kg/ha) of its initial NO3-N 
amount. For the total 150-cm soil profile this loss was 135 kg/ha. 
Therefore, the advantage of freezing conditions in bringing some 
NO3-N into the root zone probably cannot be exploited if the soil 
solution is allowed to be leached by later infiltrating water. 
A study with more frequent and extensive soil sampling during longer 
freeze-thaw cycles in winter and during an early spring thaw is 
recommended to develop a more detailed account of the leaching process of 
water and NO3-N in the soil profile. Proper selection of an experimental 
area that has a good surface drainage and with control of the water table 
would improve results. Use of a conservative tracer, like CI or Br, 
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would help minimize experimental error due to possible biological 
processes. 
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GENERAL SUMMARY 
Two separate studies were conducted, one involving freezing under 
laboratory conditions, and a second under field conditions of freezing 
and thawing, to investigate the movement of moisture and NO3-N in the 
soil profile in response to surface freezing. A supplementary study was 
also conducted in the laboratory to determine if anion exclusion was a 
significant factor in solute movement with water in the liquid phase. 
Results of the anion exclusion experiment revealed that NO3-N 
concentrations in the soil solution extracted from a soil-NOg-N solution 
slurry decreased rapidly in the initial stages of extraction (air 
pressure applications of 0 to 300 cm of water), and then decreased more 
slowly as additional solution was removed from the soil. The maximum 
concentration measured in the extracted solution was 365 mg/L at the 
start of the extraction (0 cm of water pressure); the lowest 
concentration was 252 mg/L at a pressure of 9500 cm of water. The 
calculated bulk (or average) concentration of the soil solution was 
288 mg/L, which was the concentration of solution extracted at a pressure 
of 3000 cm of water. About 1/5 of the total NO3-N was drained from the 
slurry after applying a pressure of 300 cm of water (field capacity); 
only 1/4 of the total NO3-N was left in the soil after a pressure of 
9500 cm was applied. 
Surface freezing conditions applied to closed, unsaturated soil 
columns in the laboratory revealed that moisture tended to move from the 
unfrozen zone to the freezing layer (containing the frozen-unfrozen 
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interface) where the maximum accumulation of moisture usually occurred. 
For columns with soil moisture contents greater than 20%, the maximum 
concentration and amount of NO3-N also occurred in the freezing layer. 
Accumulations of moisture and NO3-N increased as the duration of freezing 
conditions was increased. Accumulation of both moisture and NO3-N 
decreased to a small amount, or zero, toward the top layer. The increase 
in the NO3-N concentration of solution within or just above the freezing 
layer can be explained by NO3-N movement with liquid phase moisture 
movement, enhanced by the exclusion of NO3-N anions from the less soil 
solution near soil surface. Water vapor movement was not significant in 
total moisture movement in soil with moisture contents greater than 20%. 
Vapor phase movement relative to liquid phase flow increased as the 
moisture content in the soil columns was decreased from 20 to 9.4%. For 
drier columns NO3-N concentrations were increased as moisture in the 
lower layers was depleted by vapor phase movement, whereas NO3-N 
concentrations were decreased as the moisture accumulated near the 
freezing layer as a result of condensation of water vapor. Although 
small in magnitude, the movement of water vapor within the frozen zone to 
the surface layer apparently dominated over liquid phase movement by an 
estimated 16:1 for soil with moisture contents in the 10.2 to 9.4% range. 
In the open column case where the bottoms of the laboratory columns 
were immersed in NO3-N solution at a constant elevation, moisture and 
NO3-N accumulations in the frozen zone were rapid (131% of the initial 
moisture and 136% of the initial amount of NO3-N were present after one 
day of freezing conditions). Anion exclusion, and the probable liquid 
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phase movement of a relatively concentrated solution (concentrated as a 
result of partial freezing) through the frozen soil pores may have caused 
an increase in the concentration and amount of NO3-N in the surface 
layer. 
The amount of NO3-N accumulated in the frozen zone depended upon the 
availability of soil moisture, duration of freezing, and surface 
temperature. The shape of the moisture and NO3-N distributions with 
depth after freezing seemed to depend on the rate at which the frost 
penetrated and the length of time it stayed at a depth. Under the 
freezing conditions applied to the closed unsaturated soil columns, the 
moisture content and nitrate distributions tended to have a parabolic 
shape; while for the open columns, the soil moisture and NO3-N in the 
frozen zone tended to have a more uniform distribution. 
The redistributions of moisture and NO3-N in the closed columns 
buried in the field for the winter freezing period were similar to those 
of the laboratory closed columns initially wetted to 25%. Maximum 
accumulations of moisture and NO3-N, relative to initial conditions, in 
the upper 40 cm of the columns observed at the end of winter freezing 
(February 28, 1986) were 110% (increase of 10% or 1.1 cm) and 120% 
(increase of 20% or 34 kg/ha), respectively. It is believed that 
exclusion of anions from the soil solution was the main factor 
responsible for the increases in NO3-N in and near the freezing layer. 
However, the spring thaw redistributed moisture and NO3-N in the closed 
columns nearly back to their original uniform distributions. 
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In the open column case, 160% (increase of 60% or 6.3 cm) of the 
amount of moisture initially present was present at the end of February 
as a result of upward moisture movement and snow melt infiltration. 
NO3-N also accumulated in the upper.40 cm of the columns (increase of 65% 
or 110 kg/ha), while the entire columns gained 18%. The lower half of 
the columns exhibited a decrease in concentration, which may be due to 
dilution, denitrification, and/or leaching of solution to the bottom. 
Increases in NO3-N concentration in and near the freezing layer was again 
believed to be due to anion exclusion and downward displacement of a 
relatively concentrated solution through the frozen soil pores during the 
freeze-thaw cycles. Snow melt and soil solution thaw, and rainfall 
infiltration during the spring period caused leaching of NO3-N from the 
columns. The after-thaw redistribution resulted NO3-N loss from the 
upper 40 cm of the columns (decrease of 39% or 65 kg/ha); only 3% 
(11 kg/ha) was lost from the entire columns. It was believed that 
nitrification and denitrification could also be involved in the changes 
in the amounts of NO3-N. 
From field sampling of the soil profile, showed an average increase 
of about 37% (20 kg/ha) in the amount of NO3-N in the upper 60 cm of the 
soil profile was measured in the December 6, 1985 samples. Leaching 
during January and February thaws, and from rainfall during the spring 
season, as well as possible denitrification, may have been reponsible for 
the considerable reduction of NO3-N with time." By the end of April 1986 
about 60% (33 kg/ha) of the initial NO3-N amount (measured November 5, 
1985) was lost from the upper 60 cm of the soil profile. Ahout 80% 
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(135 kg/ha) was lost from the upper 120 cm of the soil profile by the end 
of April. 
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APPENDIX 
Table A.l. Distribution of moisture contents and NO3-N concentrations 
in the soil column after injecting a solution of 160 mg/L 
NO3-N 
Soil depth Replication I^ Replication 11^ 
cm % M.C. mg/L NO3-N % M.C. mg/L NO3-N 
2.0 26.6 164.8 26.8 161.6 
6.0 26.4 161.1 26.4 163.3 
10.0 26.5 157.5 26.5 158.0 
14.0 26.5 145.2 26.4 159.4 
18.0 26.6 152.2 26.4 163.4 
22.0 26.6 155.1 26.5 159.0 
26.0 26.4 154.4 26.5 164.1 
30.0 26.4 142.9 26.3 147.8 
34.0 26.4 146.5 26.4 166.9 
38.0 26.3 156.9 26.3 161.7 
42.0 26.6 155.5 26.2 160.6 
46.0 26.6 155.1 26.1 169.3 
50.0 26.7 157.6 25.6 181.9 . 
54.0 26.5 155.5 26.3 168.7 
58.0 26.6 155.1 26.2 151.8 
62.0 26.6 153.5 26.3 169.2 
66.0 26.6 148.2 26.4 157.5 
70.0 26.5 145.4 26.3 163.4 
74.0 26.4 152.5 26.0 170.3 
78.0 26.4 156.4 26.3 170.6 
82.0 26.2 156.7 26.2 170.8 
86.0 27.0 161.0 26.8 162.9 
Mean 26.5 154.0 26.3 163.7 
^Replication I: M. C. - 26.5 ± 0.007%; NO3-N conc. =• 154.0 ± 0.252. 
^Replication II :: M. C. - 26.3 ± 0.011%; NO3-N conc. , =• 163.7 ± 0.33. 
